APPENDIX C

OIL REFINERIES

C-1 INTRODUCTICN

0il refineries have been shown in the pastl te be major stationary
sources of NOX in the South Coast Air Basin. However, estimates of the
overall average emission factor for refinery cgas/natural gas combustion
nave ranged from 0.16 1b NOx/MMB3lto G.28 ib NOx/MMB. The latter figure

is based on measurement of the emissions from 63 refinery heaters and boilars
burning refinery gas by the San Francisco Bay Area APCD.51 The former figure
is that used by the Los Angeles APCD to estimate refinery emissions in Los
Angeles County. #1 The LAC APCD figures are apparently based on data
obtained in the 1950's using wet chemical methods, possibly from a sample of
units with a high proportion of natural draft with our preheater. The BA APCD
data were obtained using chemiluminescent instruments. A wide range of

modern refinery unics were tested during 1972 for that program.

Because of the large uncertainty associated with those two figqures,
as discusse.. in Section 7.0, it was decided to concentrate a substantial

portion of the test program on refinery combustion devices.

In order to pursue this objective, the cooperation of the seven major
refineries in the South Coast Air Basin was obtained. All tests were performed
on & veluntary basis. In two refineries independent measurements were made

of NO emissions by refinery personnel concurrent with KVB measurements.

The predominant fuel consumed in refineries is refinery gas. The

distribution of fuels for FY '72 is about 72% refinery gas, 22% natural gas

and 6% oil. Duriny the summer months the fuel is almost entirely a mixture

of refinery gas and natural gas while in the winter about 17% of the fuel is

oil. Refinery gas composition varies widely from heater to heater within a
refinery. Heating values may range from less than 800 Rtu/scf to over 1800 Btu/scf
Although no systematic experimental program has been reported, it would be
expected that NOx production would be higher for gas compositions producing
higher heating values, since this effect is due to the presence of heavier
hydrocarbons with higher flame temperatures. Because of the predominant use

of refinery gas and because of the major uncertainties in NCx emissions from
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its combustion, major emphasis was given to testing units operating with this

fuel.

The units tested were selected to include a representative sample of
current refinery heaters and boilers. Where possible larger units represent-
ing major NOx sources were included. Table C-I summarizes the combustion
devices tested. As can be seen, a range of heat input and device type was
selected. Requests to test specific_selected units were honored by the
refinery for the most part. The total number of process steam bqilefs
tested was‘larger than the initial plan because of substitutions (when the
desired type of heater was out of service) and because identical units operat-

ing side by side were compared in some cases.

Within each class of combustion device several variations were tested.
Forced draft, natural draft, vertical or horizontal burner orientation, high
or low heat release, hot or cold refractory, number of burners, heating
surface arrangement, burner type, and the presence or absence of air preheaters
were included in the test sample. Of course, independent variations of these
parameters were not possible, since several configurational and geometric

differences occurred from unit to unit.

Tnformation obtained from one oil company suggests that 60-70% of the
fuel is consumed in heaters. The test sample fuel distribution was 55% for

heaters, 29% for process boilers and 16% for CO boilers.

Table C-I
SUMMARY OF REFINERY UNITS TESTED

Combustion Device Heat Input No. Tested
‘ (MMB/h)

Crude Heaters 60—-394 11

Process Heaters 16-365 16

Process Steam Boilers » 14-397 15

CO Waste Heat Boilers 61-521 4

Cokexr Heaters : : 58-241 3



Centinuous on-line sampling of the exhaust gases were accomplished
with the instrumentation and procedures described in Section 8.3 and 8.4.
his snabled a determination of effects of variabies such as changes in

fue

gas composition, process rates; and firing rates. Unfortunately,
simultaneous ({(rather than independeat) variaticns of these variables occurred
over very short periods of time. Fuel gas samples were obtained and analyzed
for most tests {either by XVB, the refinexy, or both). However, attempts ¢
relate NOx to gas composition are limited by the necessity to assume that

the single sample is representative for the entire test period.

A total of 49 heaters and boilers were tested out of a total inventory
of about 350. Those devices tested accounted for about 30% of the total refinery
fuel consumption in the Basin. On the basis of the devices tested, a correla-
tion was established for emissions of NOx for refinery heaters and boilers.
Attempts to correlate the data to account for differences in fuel gas com-
position were only partially successful. Although large changes in NO emis-
sions were measured as gas composition changed, a sufficient number of gas
analyses cculd not be obtained to establish a firm correlation. The final
NOx inventory compilation was calculated based on averaging the resulits for

different gas compositions.

Because of differences in the reported average operating conditions
from the specific test conditions the test results for an individual unit were
not used for that specific unit in the final inventory. Instead the correla-

tions develcped from the test data were applied to all heaters and boilers.

Estimates of the NOx reduction possibilities were based on the previocus
experience of KVB with power plant and industrial combustion devices.
Differences that are unique to refinery operation are fuel gas composition,

high capacity factors, heater configuration, and heat transfer conditions.



c-2 MEASUREMENT OF NOx EMISSIONS FROM REFINERY SOURCES

The basic test procedure and instrumentation used during the test
program are discussed in Sectien 8.0. For refineries, the operating mode
and accessibility of the combustion device were paramount in determining the
test plan for each unit. Probes were inserted through existing sampling ports,
usualiy located upstream of the air preheater 1f there was one. The most
desirable test plan was to make measurements at several probe locations in
the exhaust gas ducting at a constant set of operating parameters; then,
repeat for a variation of the important parameters (such as heat input, excess
air, air register setuing, etc.) in a controlled manner. However, testing
of refinery devices showed that the steady state conditions necessary to
separate spatial and temporal effects or to arrive at an accurate difference
reading for NO; are usually not present} Test data were recorded continuously,
but was only read off for data reduction purposes during periods of steady
operation of the order c¢f 5 to 10 minuets. When fuel changes resulted in
major shifts, additional data were taken at the new quasi steady state point.
Tn addition, in some cases existing, unheated instrument lines were used for
the sample, eliminating the possibility of a wet NO or NOX measurement.
Moreover, because of the interdependence of various devices in the refinery

practically nc controlled variation of combustion parameters was possible.

In the refinery tests, samples of the fuel gas and fuel oil were
taken during the periocd when measurements are made so that cﬁemical composi—
tion ahd heating value information could be cobtained. Large, short term
variations in both parameters for fuel gas were typical of conditions found.
For example, during Test 47 the fuel gas heating value decfeased from
1528 Btu/scf to 1421 Btu/scf over a 15-20 second period. As can be seen,

the NO concentration was decreased by 50%.

The accuracy of the results can perhaps be evaluated best by com-
paring KVB measurements with those obtained simultaneously by two refineries
using completely different test instruments. These data are summarized in
Table C~-II. For a total of 17 comparative tests on 11 different devices, the

average difference of the KVB measurements and refinery measurements was 2.4%.
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“B" 44 43-50 -5.4
. vBe 22-32 38 -29.0
e 109 100-102 ! +7.9
"By 28~48 33-36 +10.1
"B 460-490 450 +5.6
ng" 400 440 -9.1
"B 420 440 | -4.5
*B" 460 450 +2.2
| "B" 1 320 375 ~14.7
| wse ' 3p0-400 350 0
;B 630 610 +3.3
"R 75-80 90 -13.9
g 86 92 -6.5
gt 64 60 +6.7
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As a further confirmation of the accuracy of the results, the NO calibration
gas utilized by one refinery was measured by KVB. The calibration gas was

certificd by the menufacturer to be 202 ppm. The KVB measurcment was 200 ppm.

The averaged results of all refinery combustion devices tested are

summarized in Table C-III.

These values were obtained by averaging the test points taken cover
a 2-3 hour test period. In some cases large variations werxe measured as gas
composition or other variables changed. - For example, the heater of Test 25,
which had an average emission factor of 1.01 1lb NOx/MMB, had values ranging
from .76 to 1.28. ThLz heater of Tests 31-34 which had an average of .46 1b NOx/MMB
showed values ranging from .33 to .81. (All test data are presented in
Appendix B) . Thus, characterization of "typical" emissions.from any given
heatexr is very difficult Lecause of the inability to characterize its typical
fuel or operation mode. ~Instead, the approach was taken to use averaged

data (and correlations) obtained for many tests.

The relations used to convert the nitrogen cxides concentration at
3% oxygen to weight flow of nitrogen oxides as NO, are summarized in Table C-1IV.
The fuel mass flow was obtained by measurement or calculation from the process
heat rate and fuel heating value. The value for E for each test was detex-
mined by analysis of the fuel gas composition either by gas chromatograph or
mass spectometer. In some cases results of an independent test laboratery
were used; in other cases results of the refinery laboratory were used.
Where a conflict existed, the refinery results were used. Examples of two
typical refinery gas analyses, showing the wide variations possible are
given in Table C-V. In the few cases where fuel gas or oil flow rate was
not available, the heat input was taken to be the process heat input divided
by an assumed efficiency of 0.85. One refinery suggested 70-75% was a more
representative efficiency value. However, this would result in higher total

emissions and the same emission factors.

The totaiNCOx as N02 measured for the 49 units (some tests in Table C-III are
on the same unit) was about 2087 1b/hr (25 tons/day) for a total heat input

of 7329 MMB/hr. These totals are significant in that these units account
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TABLE C-IV
COMBUSTION RELATIONS

The equation for combustion, including CO fuel, is
CHp + (L + .25E + X + .52)0, + (2)CO + (W) co,-+ (¥) N,

+ (1.0 + .25E + X + .52)(3.77)N2 = (1L + 2 + W) Co, + (.5E)H20

2
+ (X) 0, + [(1 + .25E + X + .52)(3.77) + (¥)]1 N, (1)
wheré E = hydrogen/carbdn atom ratio in fuel gas
X =

ratio of percent O2 to percent CO2 in flue gas
for no non-combustibles in fuel
Z = relative percent of CO in fuel
W = relative percent of CO, in fuel

Y = relative.percent of N2 in fuel

The measured 0, concentration [02] under dry conditions can

be expressed as:

{0.] = 100X :
2 4.77 + 2.89Z + W + Y + 4,77X + .94E (2)
Solving for X gilves:

X= (0,1 (4.77 + 2.89Z + W + ¥ + ,[94E) - (3)

100—4777[02]

Using this value of X the weight flow of flue gas per unit
weight of fuel is

{14+Z+W) (44.01)+(X) (32.00)+[(1+.25E+X+. 52) (3. 77)+Y](28 02)
12.01+(E) (1.008)+2(28.01) (4)

The volume flow per unit weight (at standard conditions) is

approximately:

v sig = e/ (5)
(.075)

The volume flow of NOx is:

\7

NOx/mf =cC

2 ve/mf

where C2 =measured dry concentration of NO or NOx.

The weight flow expressed as NO2 is: 5800~179

Mox = (46.01)(.002595)VNOx c-10



TABLE C-V

TYPICAL REFINERY GAS ANALYSES

Test 47
Hydrogen 25.7%
Oxygen 0.z
Nitrogen 2.9
Carpon Dioxide 0.1
Methane 24.6
Ethyvlene 2.6
Ethane 8.7
Propene 5.2
iPropane 14.2
i Butane 4.3
n Butane 6.8
i Pentane : 0.4
n Pentane 0.3

Organic Nitrogen Compounds None detected

Test 20

Hydrogen 62.6%
Oxygen 0.6
Nitrogen 3.2
Methane 23.8
Ethane 5.3
Propane 3.3 .
i Butane 6.4
n Butane 0.2
i Pentane 0.3
n Pentane 0.3

Organic Nitrogen Compounds None detected

5800-179



for about 30% of the total heat input reported by the LA APCb refinery fuel

use report for summer 1972.31

Figure C-1 is a vlot of weight flow of quas NO2 versus unit heat
input, for units operating only on refinery gas. Not included on this plot
are CO boilers, oil or mixed fuel combustion, units with burners oriented
vertically downward, and units with large amounts of CO (combustibles) during
testing. The first three categories produce very high NOx emissions and if
included on the plot would result in a higher average curve. Shown for
comparison are the Bay Aréa APCD data51 and the Los Angeles APCD curves for
natural gas combustion 2Oand refinery gas combustion. A large degree of
scatter (although no more_than similar plots by others) is apparent. ({(See
discussion in Section 2.2.) Several subtrends are apparent in this plot. The
balanced draft, horizontal burner units are generally higher than the others.
The vertical natural draft units are closest to the mean while the horizontal
natural draft.units are usually much lower. By examining Table C-III it may
be seen that these classifications are related to the presence (or absence)
of air preheaters. The refinery gas data obtained on this program are mostly

higher than the LAC APCD curve, particularly above a heat input of 70-80 MMB/H.

Some very high values of measured emission factors apreared to corre-
late; (a) with extremely hot refractory adjacent to the burners, (b) with
fewer burners, and (c) with high heating values for the fuel gas. The in-
fluence of (a) and (c) on NOx production is in agreement with previously
observed effects of adiabatic flame zones and of increasing flame temperature
(See Section 2.1). The use of larger burners (and hence longer flames for
similar flows) would appear to increase the residence time of combustion
products at high temperature, resulting in a closer approach to equilibrium

values of NOx concentration. Conversely, very low values appeared to occur

for units which had numerous small burners and for units which were operating

with a fuel gas of low heating value.

Correlation of the former effect and of the preheat resulted in the
curve of Figure C-2, where emission factor [lb NO (as NOZ)/MMB] is plotted

versus the heat release per burner. The main result shown in Figure C-2 is

that much higher emissions result for forced draft units and units with preheaters.

The correlations shown for those units and for natural drafti units fall within

+ 30% of most of the test data for refinery gas combustion. The exceptions
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were units which had high NO emissions because of extremely hot refractory
{Test No's. 24, 25, 31-34, 53) or which were low due to high CC levels or
off~stoichiometric combustion (Test 4la, 46, 47, 47a, 49 and £0) or flue gas
recirculation (Test 65). The low values of NO for the tests cited suggest

these methods, offi-stoichiometric combustion and flue gas recirculation,

with normsl operation.

In particular, the units of Tests 47, 48 and 49 were quite significant

in that they were clearly cperating in the off-stoichiometric mode f{albei

i

unplanned). Refinery gas deposits had plugged the fuel passages of some
burners. Visual inspecticn of the firebox showed that some burners were
only passing aix while the others were operating fuel rich in order to
combust the required fuel at a reasonable overall excess air value. A
generally hazy appearance in the firebox corresponded to visual observations

characteristic of boilers which had been operated in a (controlled) off-stoich-

iocmetric mode. These heaters had been operated in this manner for at least several

months over all the conditions unigue te refinery operation with no apparent
safety or operational difficulties. Shortly after testing, the units of
Tests 47 and 48 wexe overhauled. It would be quite informative to retest

these units to see if the NOX emissions are higher with all burners operating.

The number of units tested with oil or mixed fuel was not sufficient
to generalize the results. Two effects were okserved, however:

1. WNO emission levels increased with fuel nitrogen. For
Tests 35; 36, 38 and 9&, oil with a nitrogen content
of .019-.028 was the fuel. NO levels ranged from 87
to 137 ppm. Tests 12, 15, 23, 40, 45, and 46 were con-
ducted during operation with fuel oil with a nitrogen
content of .28-.46%. NO levels ranged from 138 to 297
vpm for thoge units.

2. Operation of a given unit with a higher ratio of oil
to fuel gas produced lower NO emissions for the three
cases tested (Tests 12, 15-18 and 97-S8).
In iieu of a sufficient number of tests to generalize the results,

. 20 . . .
previous LA APCD coxrelations {Section 2.2) for oil combustion were used

for the inventory calculations.



A significant result of the testing, in view of the refinery emphasis
on safety and efficiency, was the large number of units having either high
CO (combustible) or O, levels in the flue gas. A total of 18% of the units
tested had significant €O levels (»200 ppm) . A total of 49% had 02 levels
in the flue gas greater than 5% (=25% excess air) . Clearly, systematic air

register adjustment combined with good instrumentation could result in sig-

nificant improvements in safety and operating economy.



C-3 REFINERY NCx EMISSION INVENTORY

In order “o estimate the emissions of NOx from refinery heaters énd
boilers,; the correlations developed were applied fo all individual combustion
devices inventoried. The assumption inharent in the calculationé was that most
inventory heaters and boilers were operated under conditions corresponding tc the
werm for which the correlations were developed. The main exceptions were several
DeFlorez type heaters with burners oriented'vertically downward which had very
hot refractory crowns. The hot refractory seemed to be a consequence of the
basic heater design rather than deviation from normal operating conditions.

For those units the average emission factor of the tests conducted (.73 1b
NOx,/MMB} was applied to the six known units in operation. Also the average
emission factor for the four CO boilers tested (_66 1b NOx/MMB) was used to

estimate emissions f£xom this type of device.

The basic procedure followed for each refinery was:

L. Determine rated unit heat input, capacity factors and
oil/gas ratio from information provided by the refineries.

2. Determine the fuel use fo;}phe refinery from the 1A
APCD refinery fuel report.””

3. Correct the capacity factors so that the total fuel
consumption of the units in each refinery is equal to
(2). The distribution of fuel usage among the various
combustion devices remained identical to information
furnished by the refinery.

4. <Calculate the emissions for a peak summer day, peak
winter day, and average year using the correlations
of Figure C~2 and the LA APCD correlation for oil
combustion. (Figure 2-~2)

5. Increase each unit by 5% to account for NC, (the test
values are only for NO, as discussed in Section 8.0).

6. Increase each refinery total by 5% to reflect the CC
fuel usage (which is not given in the LA APCD fuel
report).

7. Calculate compressor emissions using the EPA factor
(.027 1lb NOx/HP). (Ref. 23)

8. Add (6) and (7).
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The relations used and calculational procedures are summarized in

Table C-VI.

The results are presented in Table C-VII which gives the emissions
of NOx from refineries in the South Coast Air Basin for the fuel usage re-
ported for the period of July 1972 to June 1973. Also shown for purposes

of comparison are the LA APCD emission estimates for 197352 and 1974.°8

These current estimates of NOx emissions from refineries in the
South Coast Alr Basin are significant in that they are twice as large as sSome
previous estimates and 1-1i/2 times the most recent. While the total is
comparable to power plant NOx emissicons in Los Angeles County, no known

reduction efforts have been made.

Future trends will depend on the availability and type of crude supply
and the possible implementation of reduction techniques. Most refineries are
operating cloée to peak capacity. The only expansion plans currently in
progress are for 125,000 Bbl/day additions at Atlantic Richfield and at
Standard Oil by 1977-78.

In the Standard 0il Refinery addition, the total heater and boiler
capacity is estimated to be 1489 MMB/H.S9 Assuming the Atlantic Richfie-d
addition to be similar, and using .the avérage refinery gas emission factor
of .24%5 1b NOx/MMB, the totals for 1975 and 1980 wculd reach the values shown
in Table C-VIII. The peak summer day NOx emissions for Atlantic Richfield
and Standard 0Oil would reach 26.5 tons/day and 25.7 tons/day. In the winter
{assuming the same emission factor for the additions) the rates would be
30.8 tons/day and 27.0 tons/day respectively. Complete curtailment of natural
gas in the case of the refineries would result in the summer values increasing
to the same general .values as for the winter. As discussed in the next
section of this appendix, a 20% reduction, which may be achieveable by
application of staged combustion techniques, would reduce the 1980 totals
of 104.4 tons NOx/day (summer) and 139.5 tons NOx/day (winter) by about
21 tons/day and 28 tons/day respectively.

C-~-18
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TABLE C-VI

CALCULATIONAL PROCEDURE FOR REFINERY CCMBUSTION DEVICES

Nomenclature
_ r — . \ . 2 - 51 =
Eqn = CpiQ1 * CpaQRaee-n-en- ¥ CppQn = sum of averacge heat input to all refinery

heat input to all refinecry units as
reported by refineries, MMB/h

Wdec‘= Average daily fuel consumpticn fox December 1972, LA APCD Fuel Report,

Bbl/d

o

Hion = Peak daily fuel consumption for December 1972, LA APCD Fuel Report,
Bpi/a

Waug = Average daily fuel consumption for August 1972, 1A APCD Fuel Report;
© Bol/d

Waug = Peak daily fuel consumption for Rugusit, 1972, LA APCD Fuel keport,
" Bbl/d ‘

D, = Average days on gas, 1972, days
Dy = Average days on 0il, 1272, days
n = Number of burners for unit

On = Rated capacity of unit, MMB/h

Cppn = Capacity factor of unit, refinery value

Cfvm = Corrected winter average capacity factoxr

éfwn = Corrected winter peak day capacity factor

Eésn = Corrected suwunex averagé capacity factor

Efsn = Corrected summexr peak_day capacity factor

Fés = Emission factor on gas for average sumxer day, lb NOx/MMB

Frj
1

= Emission factor on gas for average winter day, 1lb NOx/MMB

Fgs = Erission factor on gas for peak summer day, lb NOx/MMB

o

Fuy = Emission factor oz gas for peak winter day. lb NOx/MMB

ng = Emission factor on gas for unit at rated capacity, lb NOx/MME
Fgw = Emission factor on gas for unit at rated capacity, lb NOx /MMB
Eha = Peak hourly emissions in summer, lb/NOx/h

Ehwg = Peak hourly emissions in winter on gas, 1lb/NOx/h

Epg = Daily emissions on peak summer day, tons NOx/day

ty

ow = Daily emissions on peak winter day, Tons NOx/d

|5
[

Annual emissions, Tons/NOx/year

A
E; = Emission factor for oil on average winter day lb NCx/MMB
Fe = Emission factor for oil at vated capacity, 1lb NOx/MMB

R
i

s = Emission factor for oil on peak winter day lb NOx/MMB (/‘_k//,//



Calculation Relations
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37. Fg = 175 (@ Csynl -
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TABLE C-VII

SUMMARY OF NOx EMISSIONS FROM

70S ANGELES COUNTY REFINERIES

Refinery |August '72 ’December 72 Annual® LA APCD® 2 1A APCD* ©

Daily Avg. Daily Avg. Juljég?77gaily,l973 Annual 1974
ARCO 22.1 26.4 7711 8.6 4097
Gulf 2.4 3.2 873 1.5 663 .
Mobil 14.3 21.5 3759 7.0 3096
Powerine 1.9 2.6 720 .7 348
Shell 9.3 A12.7 3419 5.8 2709
Standard 21.3 22.6 6882 10.1 4520
Texapo 10.4 19.9 3444 4.9 221¢
Union 10.6 l16.4 3508 5.0 . 2392
Misc. 9.3 10.3 2525. 1.8 990
TOTAL 101.6 135.6 32,837  45.4 21,030

* Tons of NOx
c-24
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TABLE C-VIIT

) FUTURE TRENDS OF NOx EMISSICNS
N REFINERIES WITH NO REDUCTION IMPLEMENTED

AND NO FURTHER GAS CURTAILMENT

-
L

PEAK SUMMER

PEAK WINTER ANNUAL

DAY (TONS) DAY {TONS) {TONS)

Current 101.6 135.6 32,837
1978 Same Same Same

1980 110. 144. 36,000

5800-179



Cc-4 REFINERY EMISSION REDUCTION POTENTIAL

The heaters used in refineries are for the most part low emitteré of NOx.
However, it may be possible to reduce these emissions to even lower levels by
the use of low excess air, staged combusticn, and in some_units flue gas recircu-
lation. It is estimated that it may'be practical to reduce the emissions to
two-thirds of the heaters, while the emissions from the other one-third of the
heaters might not be readily reduced by this technique which is discussed in

Section 2.3.

Reduction schemes which resulted in cost effectiveness ratios (defined
in Section 11.1) of less than one lb of NOx as N02 eliminated per dollar
annualized cost were not considered in this report. The total nitric oxide
emissions from LA basin refinery heaters, it is estimated, . could be '
reduced by about 30% by off-stoichiometric firing -- one form of staged combus-—
tion. For the most part, off-stoichiometric firing would be accomplished by
removing 10-30% of the burners from service, but staged combustion could
also be accomplished by installing ports through which part of the air could
enter the furnaces above the flames. The emissions from the boilers are

higher than they are from heaters. The possible reasons are:

. boilers are for the most part larger‘than heaters,

. the boilers usually have air preheat while only part of the
heaters have air preheat, and

. boilers have only a few large burners while many heaters
have a great number of small burners.

The emissions from boilers are also subject to control by off-stoichicmetric
firing. By employing this technique on all boilers it is estimated that it

would be possible to reduce the emissions from boilers by 35-40%.

mable C-IX shows the estimated first level emission reduction
potential for the units tested. Shown in the table are the tested heating
rate, the nitric oxides emitted per year, the amount by which the annual
emissions would be reduced by the proposed techniques, and the amount of

emissions eliminated per dollar annualized cost.



TABIE C-IX

EMISSION REDUCTION POTENT1ZL

_KVB _ Tested NOx Cost
est No. Heat NOx Reduction Method Effectiveness
Rate * ’ Ratio -
Btu/hr ib/yx ib/yx 1b/$
Heaters
20 74 % 10° 111,000
23 52 x 10° 172, 60C 25, 000 o/s 5
24 62 x 10° 456,800 228,400 0/8 39
25 39 x 10° 456,800 228,400 0/5 37
38 52 x 10° 347,000 130,000 o/ a5
48 180 x 10° 399,200 100, 000 0/s 24
a8 180 x 10° 399,200 100, 000 FGR 24
49 105 x 10° 380,200 120,000 o/s 40
49 105 x 10° 380,200 120,000 FGR 40
5455 167 x 10° 454,000 100,000 o/s 32
57 256 x 10° 353,500
58-59 113 x 10° 308,400 104,000 0/s 26
58-59 113 x 10° 308,400 104,000 FGK 26
65 74 x 10° 119,200 29,000 o/ 9.7
65 74 x 10° 119,200 29,000 FGR 5.8
66-57 130 x 10° 200,000 35,000 LEA 17
£5-67 130 x 10° 300,000 105,000 o/s 15
68 241 x 10° 287,200 13,000 LEA 5.2
68 241 » 10° 287,200 52,000 o/s 8.7
70 24 x 10° 47,200 19,200 o/s 8.5
70 24 x 10° 47,200 9,100 LEA ) 9.1
71 i8 x 10° 34,600
96 394 x 10° 405,000 80,000 o/s 20
97 141 x 10° 132,000
100 217 x 10° 397,600 60,000 0/s 15
" 103 68 x 10° 45,600

5800-179
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KVB Tested NOx Cost
Test No. Heat NOx Reducticn Methed Effectiveness
Rate T Ratio +
Btu/hr 1b/yr - 1b/vr 1b/$
Boilers

12 397 x 106 1,572,000 " 630,000 0/S 126
15 342 x lO6 911,600 230,000 Q/S 46
35 35 x 166 75,600 14,000 o/S 36
36 64 x 106 75,600 14,000 0/s 36
50 175 x 10° 700,000 350,000 o/s 70
50 175 x 106 700,000 350,000 FGR 70
52 199 x 106 608,000 230,000 o/s 46
53 212 x 106 608,000 308,000 0/S8 51
53 212 x 106 608,000 308,000 FGR 51
60 150 x 106 115,400

101 224 x 10° 1,110,400 500,000 o/s 130
i3 =513 x 106. 2,138,400
37 60 x 106 347,000
72 201 x 10° 1,194,000

102 =321 x 106 2,260,000

* Symbols are 0/S for Off-Stoichiometric firing, LEA for Low Excess Air, and
¥GR for Flue Gas Recirculation.

These figures indicate the amount of NOx eliminated per annualized cost in
pounds of NO

2

per dollar.

5800-179



The information on this table was generated by ¥ield inspection
of all units tested by KVB personnel experienced in NOx reduction by staged

combustion and other techniques.

Estimated costs include both *those for setting up and implementing
the combustion modifications and for instrumentation neceésary to maintain
the desired combustion conditions. These costs, which typically run in the
$10,000 to $30,000 per unit range, more or less independent of unit size,
have been annualized at the rate of 20% per year for the purpese of the cost
effectiveness estimate. No loss of fuel efficiency has been assumed for
rhese units since very few are adjusted for minimum excess air at presénty

Further discussion on reductions costs is presented in Section 11.

Most of the boiler emissions were judged to be reducible although
none were estimated to be reducible by more than 50%. While many utility
boilers burning natural gas have had their emissions reduced by more than
that by off-stoichiometric firing, for the purpose of obtaining conservative
estimates, 50% was chosen as an arbitrary upper limit for reduction.
Reductions beyond those achieved by off-stoichiometric firing could be made,
but they would be at lower cost effectiveness ratios. {See discussion of
redquction cost effectiveness for utility boilers in Appendix D.) Another
technique of NOx reduction suggested by the test program is managing the fuel
distribution. Couwbustion with refinery gas with larger amounts of hydrogen
{lower heating'values) appeared to result in lower NOx emissions than those
produced by higher heating value fuel. 1In some cases oil fuel gave lower
values of NOx than higher heating value refinery gas. It may be possible
to manage the gas distribution to high emitters in such avmanner that lower
total emissions can.be achieved than with existing fuel distributions. For
example, the Deflorez heaters of tests 26 and 31 had NO concentrations that
changed from 101l ppm to 596 ppm and from 568 ppm to 230 ppm as the gas
composition changed. If these units could be operated with the gas composi-
tion producing the lower emissions and other, lower emitters, operated with

the higher heating value gas, the total emissions perhaps could ke reduced.
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The four CO boilers which were tested produced about one-third of
the nitric oxide emissions measured from refireries. The loﬁ flame
temperature which results from the combustion of the low heating value gas,
CO. and other combustibles diluted with N2 and COZ' should produce little
nitric oxide. The NO concentrations in fact are fairly low for these
boilers. However, the Flue gas flow rates are increased by the diluents
which enter with the CO gas,therefore, multiplication of the KO concentration
and the increased flue gas flow rate by the appropriate constants result
in emissions on a lb/million Btu basis which are quite high. It is not
' clear why the emissions from these units should be high as they are. However,
through discussions with refinery personnel it was learned that the CO gas
contains ammonia. Ammonia nitrogen, like other fuel nitrogen, converts in
part to NO during combustion and this could be the major source of NOx from
these units. It was noticed when testing a CO boiler where the precipitator
was upstream of the boiler that much lower emission factors were obtained.
Remoﬁal of pait of the ammonia as the sulfate or sulfite by putting the
electrostatic precipitator before the boiler may be the mechanism for this
improvement and possible could form the basis for reduction on other units.
Since these CO boilers are very different from utility boilers in which
emissions have been reduced by staged combustion and flue gas recirculation,
it is difficult to see which techniques could be most effectively applied to

CO boilers and to predict what the results would be.



c-5 CCNCLUSIONS

Emissions of the oxides of nitrogen from refineries in the South
Coast Air Basin appear to be significantly greater than previously estimated.

Measurement of emissions from 49 combustion devices and applicaticn of the

results to the total inventorv of refinery heaters, boilers and compressors

(o)

showed the emissions to be more than twice the 1973 LA APCD estimate an
1~1/2 times the 1974 LA APCD estimate. The refinery tctel was found to be
conmparable to the total NCx emissicons from powex plants in 7.0s Angeles County
which have been regulated with respect to NOx emissions for some time. It

is conserxrvatively estimated that a one-third reduction in refinery heater and
boiler NOx emissions might be achieved with combustion modifications alone,
resulting in a total decrease of about 26 tons/day at a cost effectiveness
that is favorable with respect to other alternatives. Additional reductions
may be achievable with equipment modifications such as installing overfire
ports or flue gas recirculation, and possible fuel management, but a more
detailed cost-benefit analysis for individual units needs to be conducted
before the cost effectiveness can be predicted reliably. éecause of the
potentially large reductions in NOx that could result from 0/S combustion,

it is recommended that this technigue be applied to selected units to evaluate
its effectiveness in refineries. Additional significant reductions in the

NOx emissions from gas fired stationary internal combustion engines used in

the refineries may also be possible and should be employed.
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APPENDIX D

ELECTRIC UTILITIES

Utility boilers for steam generation have long been recognized as
a major stationary source of NOx emissions because of the very great quantitiecs
of fuel burned. Regulations implemented by various governmental agencies have
reguired extensive testing and development of control technigues. Aas a result
of these efforts the nature of NOx emissions from these sources is fairly

well defined.

Utility boilers are the largest stationary devices and as a result
exhibit a high NOx emission per unit heat input compared with other devices.
NOx emissions are generally highest at peak load. The variation with load,
however, can be significantly different in different boiler designs. In
general there is a greater variatior with load when operating on gas fuel
compared with oil. Variation with gas fuel tends to be linearly proportional
to load while on oil fuel there frequently is only a small decrease in NOx
at reduced load. Operation on oil fuel consistentiy results in higher NOx

erissions than for gas fuel operation for controlled units in which NOx

¥

missions have been minimized. The current trend toward limited gas
availability will result in significant increases in NOx emissions during

the summer months for which gas has previously been the predominant fuel.

Control techniques employed include limiting excess air, taking
some burners out of service so that the remaining burners operate fuel rich,
reduction of inlet air preheat, injection of overfire air through special
air ports in the furnace downstream of the combustion air, recirculation
of fiue gas into the windbox air and water injection. Each of these is
discussed further in Section 2.2 of this report. The objective of all these
techniques is to reduce temperatures and limit oxygen concentrations in the

flame zone.



The implementation of many of the control techniques, as rcquired
to meet current regulations, has resulted in substantial reéductions of
NOx emissions from utility sources particulariy in the South Ccast Air Basin.
The cost effectiveness of further control becomes important as emissions
become more difficult to reduce. The increasingly high fuel cost and
shortages of both oil and gas place limitations on any control techniques

that result in a reduced operating efficiency.

The nature of the NOx inventcrying problem for utility boilers is
that emissions for operation on a particular fuel are well defined. Thus
the major tasks in assembling an accurate inventory and projéction inveolve
the fuel type useages, generation growth projections, and cost effectiveness

of known reduction techniques.

Among the stationary sources of NOx,utility boilers constitute one
of the most clearly defineable device categories. There are five utility
companies in the South Coast Air Basin having a total of 70 steam-powered
generating units that aré currently active. Some of these units have more
than one boiler but exhaust to a single stack. In addition there are 11
gas turbine peaking units consisting of one to eight gas turbines, all of

which, in & given unit, are operated simuitaneously at equal load.

As a result of stringent regulaticons and resultant extensive
compliance testing NOx characteristics of most of the larger utility boilers
are well characterized. Accuracy of an emission inventory for these units is
limited only by the ability to characterize the inherent day-to-day
variability of operating conditions and relate known data to these conditions.

However, of the 70 steam units in the Basin, 48 smaller units were unregulated

pefore 1975 and 42 will remain unregulated after January 1, 1975. Nevertheless,

tests have been conducted on many of the unregulated units in the process of
establishing regulations so that, although less well known than for the
regulated units, the emissions characteristics of approximately €C pexrcent
of the unregulated units are reasonably well .established by recent

measurements.



Prior to the current program compilations of utility NCx emissions

by

were assembled by the various basin air pollution control districtsl’3f3i6’47

N .. . 48
and the California State Air Rescurces Boavd.

Por the purpose of establishing test priorities the preliminary
inventory conducted during this program, as discussed in Section 7.0,
identified three groups of utility company boilers according to the guality
of available data and the status of emissions regulations. In general units
over 1775 MMBtu/hr {(about 180 Mw) were subject to regulation during the
inventory period of July 1972 to Sune 1973. Specific regulations vary

from county to county as shown in Table D-T.

0f the three identified grcups, the first consists of 22 large
boilers that are subject to regulations. Since extensive compliance
testing has been conducted on the units the uncertainty in NOx emissions
is sufficienty low so that additional testing would not be expected to
reduce the uncertainty. The remaining uncertainty is primarily related to

operational variability as discussed in Section 2.2.

The second group consisted of 30 medium sized boilers not subject
to regulations but for which data generally on a par with that from the larger
boilers was available. Eight of these units, all rated at 175 Mw (1725
MMBtu/hr), are essentially identical. However, there was a significant
variation in the existing emissions data for the units. Accoxrdingly one
unit from this grouvp was selected for test to provide information of

use in reducing the uncertainty.

The third group identified consisted of 1% small units for which
datz was questionable or not avialable. These units range up to 70 Mw
rated power (914 MMBtu/hr). Eight of these units range from 60 to 70 Mw
and the remaining are less than 45 Mw. Two identical 70 Mw units and one
60 Mw unit were selected for test. The 70 Mw units actually consist of two
boilers at 35 Mw each. The units selected for test are therefore

representative of the majority of the larger units in the third group.



TABLE D-I

SUMMARY OF SOUTH COAST AIR BASIN NOx REGULATIONS

County Riverside Santa
Los West Barbara San
Rule Angeles Orange Central SCB Bernardino Ventura
Rule 67 67 72 39 67 60
New Units 140 140 140 140 140 140
limit 1b >250 MMB z:tml
NOx/hr H ’
Gas: 125
ppm
0il: 225
ppm
Rule 68 68 72.1 39.1 68 59
existing units
Applies to MMB >1775 500~-2150 >700 All
H
Date 12/31/71) 12/31/72 12/31/71 10/6/69
Gas ppm 225 225 225 ' 250
Oil ppm 325 325 325 250
Applies o MMB >1775 >2150 >700 All 500-1775 >2150
H (Steam only)
Date 12/31/74 12/31/72 12/31/74 | 1/1/75 1/1/75 1/1/75
Gas ppm 12¢ 225 125 125 125 125
0il ppm 225 325 225 225 225 225
Applies to MMB >2150 >1775
H
Date 1/31/75 1/1/75
Gas ppm 125 125
0il ppm 225 225
5800-17¢



A large number of the smallest units are on cold stand-~by or

5

operate infrequently so that, although uncertainty may be high,the contri-
bution to Basin cmissions is small and testing would not provide effective

improvement of the inventory.

B-2 MEASUREMZNT OF NOx EMISSIONS TFROM GTILITY BOILERS

As a result of extensive compliance testing of utility boilers the
techniques for accurate NOx measurement are well established. Flue gas
sampling is performed where pessible ahead of the air preheater to eliminste
preheater leakage influence. Exhaust ducts in utility beilers are large
and multiple burner configutations can result in spacial variations in
species concentrations across the duct. It is there fore necessary to sample
at a number of points in the duct to arrive at a suitable average. Details

of sample handling and instrumentation are discussed in Section 8 of this

report.

Utility boiler operation is normally very steady so that a given
load ¢an be maintained throughout a test. Unless prempted by electrical
system demands it is generally possible to have the load varied so that
characteristics versas load can be established. Variation of excess air
is found to be important in NOx emissions. Where possible emissions are
measured over the range of normal operating flue gas excess oxygen content.
The amount of excess air is generally under the control of the boiler

operator so that various levels can be requested and thus‘preset for tests.

As discussed in Section D~1, four beilers were selected for test. Tests
were conducted over a range of loads for operation with both gas and oil
fuels. The boilers were operated; for most of the tests, in their normal
operation mode. For one boiler data was obtained for off-stoichicmetric
operation to assess the NOx reduction potential for this particular boiler
with that control technique. 1In addition,; for this same boiler, simultanecus
operation on both cil and gas was evaluated as this operating mode is
occasionally employed and has been usually observed to result in higher

emissions than operation on either fuel alone.



Figure D-1 presents data for Burbank Public Service Olive Station
Unit 4 rated at 60 Mw. This unit has a single boiler of Riley Tﬁrbo—fire
type with six burners. The unit was tested from half to full load with
operation on gas, oil and simultaneously on both fuels. ariation of NO
with load shows a moderaté variation for oil fuel typical of most units.
Gas fucl operation resulted in lower NO that did not vary with load contraxry
to the more typical linear variation. Operation in dual fuel mode resulted

in.NO emissions higher than for either fuel alone. This characteristic has

been observed on other units. From fuel use data obtained it is not possible

to determine the amount of dual fuel operation on any unit. 2Accordingly
the higher NOx emissions for dual fuel operation has not been incorporated
into the inventories. Off-stoichiometric operation with 2 burners out of

service on oil fuel at one load point resulted in a 12 percent reduction

for this already low-emission unit indicating that this unit could be reduced

below a 225 ppm regulation limit at full load.

Figure D-2 presents the data obtained for Southern Califoxrnia Ediscn
Redondo Beach Station Unit 1. This unit consists of two single-face-fired
boilers with six burners each. Data was taken on Boiler 12. The unit is
rated at 70 .w for full load operation of both boilers. Operation on oil
fuel resulted in relatively constant NO emissiocn over the 50 to 100 percent
ioad range and gas fuel operation produced a linear decrease in NO with
load. These characteristics are typical of many boilers. The change in NO°
variation with load at low load for gas fuel is a consequence of increased
excess alr necessary to maintain steam temperatures and prevent smoke or
carbon monoxide emission as load is decreased. This characteristic is also
typical of many boilers. although meeting current regulations fer large
units when operating on oil, such regulations, if applied to this unit for
gaseous fuel operation, would necessitate some level of combustion control
for reduced NO emission. The cost effectiveness of such controls on units

of this size is discussed later in this appendix.

Pigure D-3 presents test results for SCE Redondo Beach Unit 2.

This unit is rated at 70 Mw with two boilers and is identical to Unit 1 Jjust
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discussed. For oil fuel operation the NO emission is essentially idcntical
to Unit 1 as shown in Figure D-2. Gas fuel operation is slightly different.
NO decreases scmewhat more rapidly from full load and continves to decrease
with load instead of leveling off as was the case for Unit 1. Oxygen levels
were higher in Unit 2 thén in Unit 1 accounting for the rélatively higher
gas emissions in Unit 2 but this does not explain the drop in NO at low
load for Unit 2. No definite explanation for this effect was apparent from
the operational data obtained but this could be the effect of relative

cleanliness of the two units.

Figure D-4 presents data for SCE Redondo Beach Unit 5 rated ac 175 MNw

with one single-face-fired boiler with 16 burners. For both fuels the NO
decrcases sharply with load to about 50 percent load énd then increases as
excess air is increased to maintain steam temperatures. This same data is
replotted on a log-log graph in Figure D-5 to illustrate the exponential
relationship between emissions and load (the parameter o, defined in
equation 5-3, Section 5.1). Since most of the operation of a unit such as
this occurs at load levels in excess of 50 percent of rated load, the
departure from the exponential relationship at low load is of little conse-

guence to the unit emissions inventory.

Table D-II compares, for the 60 to 70 Mw range units, the NO
emission data available for the preliminary inventory47to the data selected
for the final inventory. It is observed that for the final inventory data
the units fall into two groups. The 70 Mw group consists of single-face-
fired (Redondo 1-4) and opposed-face-fired (Broadway) burner afrangements.
The second group consists of a Riley Turbo-fire (Olive) and two Combustion
Engineering corner-fired (San Bernardino) burner arrangements. Although
not entirely similar the units in each group contain sufficieﬂt similarities
in flame structure to explain the emissions grouping. In geheral it is
expected that corner and turbo-fired units have lower NO emissions than

face fired types.



Rated Load = 175 Mw at 1140000 1lb Steam/hr

[F%)
mn
)

300 dom

200 -

150 o

100 fm T T

200 400 600 800 1000
Steam Flow, lb/hr x 10"3
Figure D-4. NO Emissions From SCE Redonde Beach Unit 5 For

Normal Operation On Gas And 0il Fuel Tested
6/13/74 By KVB

p-1l

5800-179



NO @ 3% 02, rpm Ary

400

200

100

Gas Fuel

Slope /1 // s N

a=1.0 //\
(Gas Fuei?\\j>/ 7 Slope 1.7/1

/

0il Fuel

g = 1.7
(0il Fuel)

200

Figure D-5.

400 600
Steam Flow, lb/hr x 10

800 1000

NO Emissions From SCE Redondo Beach Unit 5
Showing Exponential Variation Of NO With Load

(Data From Figure D-4)

D-12.

5800-1i79



COMPARISON
Unit Mw
*Redondo 1 70
*Redondo 2 70
Redondo 3 70
Redondo 4 70

Broadway B3 70

Mean

TABLE D-II

OF NOx EMISSION DATA FOR 60-7C Mw UTILITY BOILERS

Peak Load NO,

3% 02, ppm dry *x

Preiiminary

Data Selected For
Inventory Data47 Final Inventoxry

Standard deviation 96

*Qlive 2

San .Bermn.

&0
63

San Bern. 2 63

Mean

Gas 0il Gas 0il
40C-500 350-650 300 290
400-500 350-650 330 300
400-500 350-650 330 300
£00-500 350-650 330 300
250-320 205-260 320 260

402 424 310 290
187 14 17

195237 160-176 140 250
125-143 215-249 125 215
143-165 215-249 165 215
172 203 143 227
39 20 20

Standard deviation 39

*indicates units tested in current program

No. of
Burners Furnace Type
5 single-fuce-fired***
6 12}
6 i
6 n
10 opposed-face-fired
6 Riley Turbo-fire
16 CE corner-fired
16

CE corner—fired

&*sources of data and methods of selecting data for inventory are presented

in Tables D-XIV, D-XV and D-XVI

#**Redondo 1-3 consist of 2 boilers each

Redondo 4 consists of 1 boilerx

5800-179



Table D-III compares the 175 Mw units. For gas fuel operation test
results obtained during this program for Redohdo 5 brought that unit more in
line with the other units/ all grouped within 50 ppm except for Valley 4.
For oil fuel cperation tﬁe previous data indicated similarity between
Redondo 5 and 6 and El Segundo 1 and %, while Alamitos 1 and 2 were similar
to Valley 3 and 4. Test of Redondo 5 indicated higher NO on oil than

. previous data so that all units except EL1 Sequndo 1 and 2 are similar. Data
for El Segundo 2 were available from SCE43taken in 1971 and the lower
emissions are attributed to off-stoichiometric operation during the test

that does not represent the normal operating mode.

According to SCE the three SCE 175 Mw units are of identical design.
Accordingly the emissions for El Segundo 1 and 2 were adjusted in the final
inventory to that of the Redondo 5 test. The Valley 3 and 4 units are also
single~face-fired boilers but have 292 burners and are of a different design

and manufacturer (Piley).

As seen in both the foregoing tables, application of the test data

resulted in a significant reduction in the variation between emissions of units

within a given class, as reflected by the standard deviations listed in the

tabilies.

D-14



TABLE D-IIX

COMPARISON OF NOx EMISSION DATA FOR 175 Mw UTILITY BOILERS

Peak Load NO, 3% 03, prm dry*¥
Preliminaxy Data Selected For
Inventory Data Final Inventory No. of

- Unit Gas 0il Ges 0il Burnexs Boilex Tvpe

i Alamitos 1 229-245 207-350 245 350 16 singie-face-fired
Alamitos 2 229-245 207-400 245 400 16 ”

O El Segundo 1 287-300 207-210 270 320 16 "
El Segundo 2 220-300 207-210 270 320 16 "
#Redcndo 5 297-300 207-210 270 320 16 "

- Redondo € 297-300 207-210 270 320 15 "

x Valley 3 177-225 350-485 . 225 350 20 v

- Valley 4 175-190 330-485 175 330 20 "

Y Mean 247 299 246 339
Standard Deviation 50 111 33 28

*indicates unit tested in current program

**gources of data and method of selecting data for final inventory are

presented in Tables D-XIV, D-XV, and D-XVI

D-15 5800-179



D-3 UTILITY NHOx EMISSION INVENTORY

The 72-73 NOx inventory for utility beilers and gas turbines is
summarized in Table D-IV showing August and December daily averages and
annual average NOx emissions expressed as a daily average. EmiSsions‘for
July 1972 to June 1973 are based on the accumulated data discussed later
in this section and projéctions for 1975 and 1980 were made from estimates
obtained from the utility companies for gas fuel availability and projected
system generation growth.b The most significant change occurs in the summer
daily peak between 1273 and 1975. This is a consequence of a decrease in
gas use from 43 percent of total fuel use in 1973 %o about 5 to 10 percent
in- 1975 and results in the summer daily peak increasing to levels similar
to the winter daily peak; A further increase coccurs in 1980 because of

increased power generation and essentially full operation on oil fuel.

The December daily average decreases in 1975 as the result of
implementation of NO regulations at the end of 1974; In addition there is
a projected reduction in power generation foxr the Los Angeles Department of
Water and Power. as the result of demand reduction and availability of
power from outside the Basin.42 For 1980 system generation growth results

in the winter peak incrxeasing above the 1973 level.

The Basin annual average NOx emission increases at annual rates
of 5.3 and 4.8 percent for 1975 and 1980, respectively, relative to 1973.
The generation rate increases at annual average rates of 0.6 and 2.6 percent
for 1975 and 1980 respectively. Individual utility growth rates are
discussed below. For 1975 although the growth rate is low the shortage of

gas fuel results in an increase in NOx emissions. For 1980 both gas

shortage and system load increases contribute to increased NOx. NOx emissions

will increase at a higher rate than load because the NOx emitted per unit
heat input generally increases as load factors increase. In 1973 the Basin
utility system operated at an overall generating capacity of 49 percent

while in 1980 this is expected to increase to 59 percent to meet projected

load growth.
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Utility company pxeference for increasing the system output is to
increase load on the larger more efficient units. In addition some utility
companies employ a load scheduling pattern that minimizes NOx generation.
lowever, as power demands increase a limit is reached where the larger units
are at full practical capacity. Beyond this point, if powér is not
available from outside the Basin, the smaller units must be operated at
increased load. Projections for the 1980 period indicate that this may
well be the case particularly for the SCE utility system. Projections for
SCE, discussed later in this section, were made on the assumption that
only one new plant, a combined cycle system at Long Beach, will be added
to the system by 1980 and no other new source of power in the Basin will

be available in that time period.

Tables D~V through D-XII present the detailed inventofy results for
each of the 81 Basin ynits. These tables contain inforﬁation, where
available, regarding the boiler configuration and operating mode  for which the
indicated NOx emissions are applicable. Also tabulated are the exponrnents
for load variation of NO concentration and the peak load NOx for gas and oil
operation. The load exponents and peak load concentrations were usea
together witl: gas and oil use from APCD reports3oand capacity factor data
from the utility companies42‘46to compute the days per year of operation on
gas or oil, the peak load NOx emission rates, the August and December daily
average NOx emission and an annual average NOx emission. The annual

average NOx emission is tabulated as tons per days cbtained by dividing the

total tons emitted in one vear by 365 days.

Boiler operating mode data has been included in the tabulations to
clarify the validity of NOx emissions and to provide a means for assessing
raduction potentials. 2n entry of ABIS means that all burners were in
sexrvice during_tests so that an overall excess of air occurs Ehroughout the
corbustion zone. The operating mode entry, "BOOS", indicates "Burners out
of service," the use of off-stoichiometric opeiation. An entry of 4/16, for

exampie, indicates that of a total of l6é burners, 4 nave no fuel flow. &All



fuel flows to the remaining 12 burners that then operate fuel-rich for low
NOx formaticn. Excess air from the 4 cut-of-service burners mixes in after

initial ceooling vo provide the overall excess ailr requircment.

faes

The entry titled "NOx PORTS" refers to the use of air peorts in th
o . . s . ) i .
furnace to bypass air around the burners so that they operate with less air

and serve a similar purpcse as burners out of service.

The entry labeled "BURNER TIPS" refers to the use of enlarged fuel
tips to limit fuel pressure to the fired burnexs when other burners are out

of sexrvice.

The entrv "GAS RECIRC" relates to the use of recirculated flue gas
directed into the burner windbox. This results in a deficiency of oxygen
and a reduction in NO. For the purpose of this tabulation gas recirculation

not introduced in the windbox for NOX control is considered “"normal.”

The entry "FURMACE CLEAN OR DIRTY" refexs to the fact that clean
furnace walls absorb more heat than dirty walls. NOx emission from a
clean furnace is normally lower than for a dirty one. The furnace is clean
after extended periods of gas operation or after the walls has been washed.

Cil coperaticn results in increasingly dirty walls.

The "OPERATING MODE" entry refers to either normal ©) or modified
(M) operation. Normal operation in the context of the table means operation
as the unit was originally designed. Modified operation implies some
contreol techniques, primarily a modified burner service pattern, have been
implemented for reduced NOx operation. These definitions may differ slightly
from those of specific utility companies where modified operation has been
implemented at all times so that this operating mode then becomes the "normal”

mode for that unit.

The inventory data applicable to the July 1972-June 1973 time period
is contained in Tables D-V, D-VIII, D-XI, D-XII and D-XIII. Boilexr
configurations, load exponents, peak load NOx concentration and unit capacity

. 6
factors were obtained from informaticn supplied by the utilities. Fuel

30 ‘ . .
useage was obtained from APCD reports and checked where possible against

D-19



utility fuel use reports. Capacity factors were determined from fuel useage
for an entire station and comparcd with weighted average capacity factors
determined from unit capacity factors based on power generation. . These checks
showed good consistency except for the smallest units where heat rates are

rmost uncertain.

For the '72/'73 inventory it was ncted that two larce units, Ormond
Beach 2 (SCE) and Scattergood 2 (LADWP) were in operation for only part of
the period. 1In addition, for some units the Zugust and December daily averages
are listed as zero. This reflects that the unit was not in operatibn duriné
August or December. This may not reflect a typical day for those particular
units but in terms of the total Basin August and December averages the
prcbability that some units will always be out of service suggests that the
zero values are more applicable than some adjusted estimate éssuming all units

operate.

Peak load NOx concentration for the final inventory for '72/'73
were selected from among data available from several sources. Tables D-XIV,
D-XV and D-XVI present these data and indicate sources and the selected
values. In general the data provided by tne respective utility companies
were found to be more current and more directly related to specific boiler
operating modes. Where utility company data were not available data for
similar units were taken or ARB'48 and Z-\PCD'47 data were used. For units where

KVB obtained data during the current NOx study those data were applied as

previous discussed.

Detailed information for projections arxe contained, for 1975, in
Takles D~VI, D-IX, D-XI, D-XII and D-XIII, and for 1980, in Tables D-VII,
D-X, D-XI, D-XII and D-XIII. For units that are expected to comply with
revised or new regulations after 1973 and for which existing data are in excess

of thess regulationé the NOx emissions were assumed to be at the regulation

limit. Specific boiler ¢onfigurations are not listed in some cases since
final operating modes are not yet completely available from the utilities.
For units with no regulation change or currently kelow the future regula-

tions; smissions were taken to remain at 1973 levels.
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Projections to 1975 and 1980 for Southexn California Edison (SCE),

Tables D-VI and D~VII, were based on projected gas availability of 8 percent
in 1975 and cne ggrcent in 1980. Projected growth in genexated po&er is
estimated by 5CE  to be 4.5 percent amnual average from 1973 to 1275 znd 2.6
percent annual average from 1973 tc 1980. Growth rates for individual

units were not available and it was found that for 1975 increasing Ormond
Beach Unit 2 from 4 to 12 months operation provided the correct genération
growth with all other SCE units remaining at the 1973 generation rate. The
1875 projection for SCE was therefore made on this basis. The 1680 projection
for SCE was made by incluvding a new Long Beach combined‘cycle gas turbine
system consisting of 7 wnits for a total of 575 Mw. In addition the Ormond
Bgach Units 1 and 2 were assumed to have a generation growth rate of 4 percent.
The remaining units were projected at a 2 percent growth rate necessary to
meet the overall system annual growth rate of 4.6 percent. These growth

rates were applied with further restrietions that no unit exceed in a given
month load factor of .85 (average lead/rated load) or a on-line factor of

.97 {time on line/total possible on line). The load factver limit is based

on a review of maximum load factors observed in the '72/'73 data. The on-
line factor is based on a 2 week per year normal unit down time obtained

from SCE.43 These projections are believed to represent an upper limit

on NOx emissions for the SCE system, as the current practice of optimum

load scheduling for minimum NOx will undoubtedly be continued.

Projections for 1975 and 1980 for the City of Los .Angeles Department
of Water and Power {(LADW), Tables D-IX and D-X, were based on monthly
capacity factors and gas availability obtained from that utility.42 Because
of recent demand reductions and the availability of power from outside the
South Cecast Basin, the generation rate decreases from 1973 to 1275 at én
annual average rate of 10 percent and then remains relatively constant to
1980. Gas availability for LADWP in 1975 is projectecfz2 tc be about 5 to 7
percent of total fuel use and drops to zexo in 1976 through 1980. The Harbor
station is currently on cold standby so that 1975 and 1980 emissions there will
be negligible. Scaﬁtergood Unit 2 operated for only 2 months in 1973.

For 1975 and 1980 projections operation of this unit was estimated to be



similar to Scattergood 1 with full year operation. Ecattergood Unit 3,
although currently becoming operaticnal is on permit to burn §as only.

In view of the lack of gas this unit was assumed to remain on cold standby
for 1975 and 1980 with ro emissicns. If gas were available it is estimated
that this unit would emit zbout 1.25 tons of NOx per day dn an annual

average.

Projected growth rates for the remaining three utilities foxr both
1975 and 1980 were taken at 4 percent per year based on estimates from each
utility.44"46 Gas availability was estimated to be 10 percent in 1975 and one
percent in 1980. New units being added were included in the projecticns.
These units are all gas turbine combined cycle systems, and in some cases

replace boilers present in the 1973 summary.
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D—4 ELECTRIC UTILITY GENERATION REDUCTION POTEMNTIAL

-In considering the potential for reduction of NOx emissions from
electric utility power plants it is important to begin with an historical
perspective. The first regulation in the Basin to have aa important impact
on NOx emission was the implementation of rule 62 to limit sulfur content
of o0il bummed during the months of April through November to 0.5% sulfur.
Becausz high sulfur cil also usually contains a high fraction of fuel
bound nitrogen, the restriction on its use had a significant effect oh the
trend in NOx with time in the Basin as can be seen in Figure D-6. By 1965
the reduction in emissions averaged over the year was approximately 150 tons,
day from the average use of about 35,000 barrels per day of low sulfur ocil.
At a premium for low sulfur oil which at that time was about 50¢/barrel,
the cost effectiveness of this strategy worked out to be about 17 lbs of
NOx prevented per dollar extra fuel cost. 1In addition about another
20 lbs of sulfur oxides were prevented for the same decllar spent for

premium for low sulfur oil.

The next major event that reduced oxides of nitrogen was the increase
in natural gas supply in 1965-66 which also drove total NOx emissions in the
Basin sharply downward. Since this reduction came with a savings in cost
due to slightly lower gas cost than oil, this was a very cost effective
move, just as it would be today if more natural gas could be made available

to the powexr plants (see discussion in Section 11).

By abcut 1969 the annual average NOx emissions in the Basin from
coﬁbustion of fuels again began to climb upward. It was about this time that
major implementationlprograms to reduce the power plant NOx emissions were
initiated by Southern California Edison and Los Angeles Department of Water
and Power. At the beginning of these programs the Basin-wide NOx emissions
from power plants was about 290 tons/day annual average. By 1971 these
emissions had been cut by over a factor of two by implementation of
combustion modifications in most of the large plants. The reductions were

achieved primarily with the use of low excess air operaticn and staged
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Figure D-6. Avérage Emissions Of Oxides Of Nitrogen In Tons Per Da
From Major Contributing Sources In Los Angeles County6 '
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compustion, the principles of which were discussed in Section 2.3 and the costs

in Section 11,3,4. I

-+

is significant to note that by Januvary 1972 the

weighted average emission concentration of NOx when burning gas was reduced

from about 500 ppm, its 1969 level, tc about 200 ppm. Cver the same perio

jo3)

weighted average emissions concentrations from low sulfur oil burning had
kbeen reduced from 310 to abcocut 275 ppm. Because of the nature of cil
combustion, the reduction technigues were found to be much less effective
than for gas combustion. By the period July 1972 ~ June 1973, the pariod
of the present inventory, the Basin-wide power plant NOx emissions had bagun
te climb upward again because of the shift‘fiom gas to oil as indicated in

Tahle D-XVII.

it is of interest to examine the cost effectiveness of the reducticns

from 1969 to 1972~73,vwhen regulations on large units became effective at

325 ppm NOx as NO2 for oil firing and 225 ppm for gas firing. To make a

valid comparison it is necessary to factor out growth in system electrical
load and shifts in the balance between oil and gas burning; Thus the emissions
have been normalized to the 1972-73 generation rates, and have been fiqured
separately for the hypothetical limiting situations of all energy supplied

as gas, and all supplied as oil. The results are presented in Tables D-XVIII
and D-XIX respectively. Based on all gas burning the reduction from 1969 to
. 1972-73 is 185 tons/day annual average. The cost of this reduction, including
engineering costs, eguipment costs, and fuel costs conservatively set at
$0.50/MMB was about $0.8 million per year (see further discussion on costs

in Section 11,3,4). On this basis the reduction was a very cost effective

165 lbs of NOx prevented per dollar annualized cost. Because of the lower
effectiveness of the combustion modification for oil combustion, the cost
effectiveness figured for all oil burning Table D-XIX would be a more modest
16 lbs of NOx prevented per dollar annualized cost. The actual cost
effectiveness fell between these limits and varied each year as the shift

from gas to cil progressed, as the load changed, and as fuel costs escalated. .

The next major‘milestone in the program of regulation of large powexr

plants beccmes effective at the beginning of 1975 when the 0il emission limit



TAELE D—-XVII

SOUTH COAST AIR BASIN
ELECTRIC UTILITIES ENERGY CONSUMPTION'

AND FRACTION DERIVED FROM OIL FUEL

Total Energy
Enexgy % From
Year 102 Btu 0il Fuel
69 472 19.0
70 " 502 22.1
71 514 40.5
72 532 42.2
Inventory ’
Period - 535 57
73 562 69.4
74% 565 83.1
75% 614 93.6
Jo* 6l7 95.2
77* 628 98.4
78%* _ 682 90.5
79% _ 725 | 91.1
80* 733 90.8

Source: FReference 34 for sum of energy use by SCE, DWP. Other municipal
utilities estimated at constant 4.4% of Basin total, the fracticn for

July '72 - July '73.

*Estimate from Reference 34

5800-179



TABLE D-XVIII

SOUTH COAST AIR BASIN NOx EMISSIONS

FROM ELECTRIC UTILITY PCWER PLANTS

NORMALIZED TO 1972-73 GENERATION RATES

FOR OPERATION ON NATURAL GAS FUEL ONLY

}égg 1972-73
Concentration limit, ppm 225
Limit of units controlled* MMB/H 1775
NOx emissions average tons/da - 310 125
Change in emissions average tons/da base 185
Estimated annual cost for change, base 0.82+

millions of dollars

Cost effectiveness ratio 1lbs NOx/$ base 165

*LA County, {see Table D-I for other counties)

Tbased on fuel cost of $.50/MMB

D-43
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TABLE D-XIX

SOUTH COAST AIR BASIN NOx EMISSIONS

FROM ELECTRIC UTILITY PCWER PLANTS

NORMALIZED TO 1972-73 GENERATION RATES

FOR OPERATION ON LOW SULFUR OIL FUEL ONLY

1969 1972-73 13875

1975

Concentration limit, ppm 325 225 225

Limit of units controlled,* 1775 1775 . 1500
MMB/H

NOx emissions, 230 204 190 181
average tons/da

Change in emiésions, base 26 14 9
average tons/da

Estimated annual cost for change, base 1.2%% 6.6+ 2.7++
millions of dollars

Cost effectiveness ratic base 16 1.5 2.4

"~ 1bs NOx/S

*LA County, (see Table D-I for other counties)

**pased on fuel cost of $1/MMB

Tbased on fuel cost of $2/MMB
T+

based on fuel cost of $2/MMB, 2 units requiring flue gas recirculation

5800~-179
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is set at 225 ppm and gas at 125 ppm. Since a number of the units when
firing oil were already quite a bit beluw the 325 ppm iimit in 1972-73,

972~73

the net reduction for all oil firing in 1975 compared with that in
is seen to be only 14 tons/day in Table 2-XIX. In order to achieve this,
more cxtensive use of staged combustion, and the inszallation of flue gas
recirculation is required in some of the larger units. Even reduced air
preheat is under consideration to meet the regulaticn for scme of the
boilers. BRecause of the high cost of flue gas recirculation hardware and
the enexgy efficiency leosses from recirculation, staged combusticn, and

air preheat reduction coupled with higher fuel costs (about $2/MMB), the
annualized cost of attaining the reduction from '72~'73 to °*75 is estimated
at about $6.6 millicn dollars/year. A&s a consequence the cost effectiveness
of this reduction is diminished to about 1.5 1b NOx as NO2 prevented

per dollar annualizsd cost. Even though the same modifications will result
in larger reductions for all gas fuel operation (Table XVIII), the small
fraction of gas.fuel expected to be available in 1975 will result in the

actual cost effectiveness ratio being below 2.0.

Finally one additional reduction option is considered, that is the
lowering of the size cut off for regulation down to 1500 MMB/H throughc it
the Basin. This would bring an additional 14 units (representing 2630 Mw)
under the 225 ppm regulation and would reduce the Basin emissions by an
additional 9 tons/day for all oil burning operation. Based on the estimate
that only 2 of these units would require flue gas recirculation to make
this limit the cost effectiveness for this reduction is about 2.5 lbs of
NOx prevented per dollar annualized cost. This ratio could go lower if it
turns out that more units than estimated require flue gas recirculatiocn.
Since several units are believed to be on the borderline of making the

regulaticn it is difficult to determine for sure how many will actually

¥equire recirculation.

Prom considerations such as these it is evident that any significant
reduction in power plant NOx emissions below the 1975 projected levels will

be achievable only at much lower cost effectiveness than 1 1b per dollar.



Reducing the control limits to still lower sized units will not be cost
effective due to the disproportionately larcge fixed initial costs and the

iow capacity factors at which the smaller units are operated.

D-5  CONCLUSIONS

Utility boileré which constitute the most clearly defineable
stationary source category in the Basin contribute a major portion of
Basin stationary source NOx because of the large guantities of fuel burned.
As the result of extensive compliance tests the NOx emission characteristics
of large regulated boilers is well known. Characteristics of smaller
unregulated boilers are less well known and tests of four units during

this program helped to clarify these characteristics.

NOx emission inventories were compiled for the year July 1972 - June
1973, 1975, and 1980 based on information on unit ratings, emissions,
capacity factors and fuel useage obtained from the utilities and air
pollution control districts. The most pertinent results of the inventories
were presented in Table D-IV listing Auguét and December dally average NOx
emissions and an annual average for each of the five Basin utility comganies.
The '72/'73 inventory indicated an annual average emissions of 168 tons of
N02 pexr day with August and December daiiy averages of 68 and 128 percent
of the annual average. The difference in the August and December averages
is the result of high gas use (8% percent) in August and high oil use

(87 percent) in December.

In 1975 the projected annual average increases by 14 percent to
192 tons of N02 per day as the result primarily of gas use curtailment
since generation growth is near zero. This curtailment is reflected in the
. nearly egual August and December averages that are 106 and 109 percent,
respectively of the annual average. The major impact of gas curtailment
is reflected in the 78 percent increase in the 1975 August average over the
¥72/'73 RAugust average. A number of units are expected to comply with

more stringent regulations in 1975 and this is reflected in a decrease of

2.5 percent in the 1975 December average.
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Projections for 1980 reflect nearly complete use of oil fuel and a

growth in load and yenerating capacity egquivalent to a 2.6 percent increase

in Basin power generation.

The main conclusion

from these inventories is that gas use curtailment

during the critical summer months will increase NOx emissions to an extent

that will nearly cancel out
extensive utility company's
No currently cost effective
implemented to reverse this

further reductions of power

the emissions reductions achieved by the

eifort to comply with emissions regulations.
control techniques are known that could be
trend short of reinstituting gas fuel use. Any

plant NCx emissions by any other known means than

increasing natural gas availability is expected to result in a cost

effectiveness ratio below that of the current mobil source controls; i.e., ebout

1.5 1b NOx reduced pexr dollar annual cost.
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APPENDIX E

n

TEEL PRODUCTION

Production of steel in the South Coast Aiy Basin is estimated tb causce
nitric oxide emissions in excess of 7000 tons pexr vear as nitric oxide. The
industry is exceeded by electrical power generation, cil refining and
cement manufacture in this respect. Most of the nitrogen oxide emissions

produced by this industry are produced in open hearth furnaces.

The twelve cpen hearth furnaces‘in the South Coast Air Basin
produce over 4000 tons per year or an average of 340 tons per year each.
These units which use a total of only 4.4 x lO12 Btu of fuel per year
have an average emission factbr of 1.87 1lb of NOx as N02 per million Btu.
Other than internal combustion engines only a few combustion devices

of the more than 150 tested in this program, had emission factors greater
than this.

Open hearth furnaces heat steel to about 3000°F before it is
tapped. Since it is not a counter-current process it is necessary to
discharge flue gases at temperatures above 3000°F. Since it is not economical

toc discharge flue gas at such high temperatures the gases from the

furnace are passed through checkers. The checkers are an expanded array
of refractory bricks. When the hot flue gas passes through the checkers
it gives up much of its heat to the bricks. OCpen hearth furnaces are
built with checkers at each end of them. They also have burners at each
end and gates, blowers, and duct work which allows the air to pass in
througn the checkers at either end of the furnace and the flue gas to
pass out through the checker work at the other end of the furnace. The
direction of flow is changed every 5-10 minutes and each time it is
changed the firing position is changed so the fuel burns in the furnace.
The incoming combustion air is heated about 2500°F by the bricks which
were heated during the previocus cycle. This high air preheat and the
resulting high flame temperature is necessary for the production of steel

in open hearth furnaces.



At times oxygen is used to replace part of the combustion air.
This raises the flame terperature even highexr. As discussed in Section 2.1
the NO concentration is strongly dependent on the residence time, the
partial pressure of oxygen, and very strongly dependent on the absolute
temperature. From the relationship presented in Section 2!1 one canA
calculate that the NO produced is 20 times as much at a femperature cof

4400°F as it is at 4000°F.

Given the excessively high flame temperatures necessary for the
production of steel in an open hearth furnace and the increase in the
production of oxides of nitrogen with elevated flame temperatures one

would expect high emissions from open hearth furnaces.

Coke ovens in the South Coast Air Basin produce about 600 tons/year
of nitrogen oxides. They burn coke oven gas which has a heating value of
about 550 Btu per cubic foot and blast furnace gas which has a heating
value of about 85 Btu per cubic foot. Because of its low heating value,
blast furnace gas would be expected to produce a flame with a low tempera-
ture and have a low emission rate. These devices also use regenerative air
preheaters. The air and fuel pass in.through checkers which have been
previously heated, burﬁ, pass between ovens giving up heat to the coke
and out through checkers on the other side. The direction of flow is

reversed about twice every hour.

Hoilers used for steam generation in order to produce steel are
also a large source of oxides of nitrogen. The boilerxs differ from
typical industrial boilers in that they burn coke oven gas and blast
furnace gas as well as oil fuel. The blast furnace gas should produce

low nitric oxide emissions in boilers.

Sinter machines are devices which make chunks big enough to be
used as blast furnace charge, about walnut size and larger, from fines.
A mixture of iron ore and coke fines is burned on a traveling grate. The
heat of combustion fuses the iron ore fines intc suitable size product.
Sinter machines produce oxides of nitrogen. The amount produced is
rﬁfher Aifficult to prédict as are the operational parameters which may

affect the emissions. The fuel for the sinter machines is primarily coke



breeze and this material would be expected to have a high concentration
2% fuel nitrogen in it. The fuel nitrogen is expected Lo be the primary

source of oxides of nitrogen emitted from these devices.

Other desvices used in steel producticn which emit oxides of
nitrogen include basic oxygen furnaces, blast furnace stoves, rolling
mills, soaking pits, and reheat pits. The total oxide emissions from these
sources is minor relative to the emissions from open heafth furnaces, sintex

rachines, boilers and coke ovens.

Since there are only 12 operating open hearth furnaces in the
South Coast 2ir Basin and these devices are large enough that it would be
difficult to over look one the inventory of these devices can ke

assumed to be accurate. Similarly the numbers of coke ovens and the sinter

machines are well known. The boilers used in steel production were
thought to be well known although at the outset the existence of a few
emall boilers may have been missing from the inventory. Alsc some reheat
furnaces, soak pits or rolling mills might not have been included in the

preliminary inventory based on permit information.

The emission factors for the warious types of devices used in
steel production were not so well known. For instance, the emission
factors for open hearth furnaces could have been estimated by results
obtained by two different APCDson two different open hearth furnaces.

One emission factor was double the other. The San Bernardino County APCD
had recently taken readings on open hearth furnaces, coke ovens, sinter

machines, etc. and wade an emissions inventory for steel production in

that county.

Of the 12 open hearth furnaces 4 were tested. The testing of
1/2 of the devices of this type was necessary since the emission factors
were not well known and the emissions from these devices were thought
to be large. In addition to the fact that 1/3 of the open hearth furnaces
were tested,; they were each tested through a complete cycle of'8 to 12

hours and one was tested on two different days.



Of the 7 coke oven batteries, 2 were tested. Two adjacent batteries
were tested in order to establish the effect of fuel type. The emissions
from these devices had been reported by the San Bernardino County APCD.
however, it was desirable to check the emissions from these devices since

the emissions were not thoroughly documented over a complete cycle.

Emissions from both sinter machines were measured. It was necessary
to measure these since the emissions from the machines were somewhat in

doubt from limited data available.

Two boilers were tested. These boilers were burning blast furnace
gas and coke oven gas. These tests were used to estzblish the emission

factors for boilers burning these types of gas.

Only two rolling mills and two reheat pits were tested. There are
a number of these devices but they have low heat rates and low emission
factors so an error in the emissions factors for these devices will not

cause a significant error in the inventory.



E-2 MEASUREMNENT COF NOx EMISSIONS FROM STEEL PECGDUCTION SOURCES

Sameling

Open hearth furnaces are arranged in a .row so one set of transrori
services can ke used for all of the furnaces at one site. The scrap iron
is brougnt te the furnaces in small rail cars. The rails runs along the
front side of the furnaces at the hearth.levél. Alsc on the front may ke
an overheed traveling crane to deliver the ladles of moiten pig iren to
the furnaces. The furnaces are tapped at the back and steel drains into
ladlés. These ladles of steel are carried away by another overhead crane
which runs along the back of the furnaces. This activity of bringing iron
to the furnaces and removing steel from the furnaces as well as the clustering
of the furnaces made it difficult to park the instrument van close enough

to the furnace for easy sampling access.

The cpen hearth furnaces are balanced draft devices with the
furnaces being slightly positive, i.e., less than 0.1 inches of water
above atmcespheric. From the exit of the furnace through the checkers, the
waste heat boiler and the precipitator up to the induced draft fan the
pressure is below atmbspheric, Any openings in the ducts or equipment
causes leaks into the flue gas. In the checkers which is made of refractory
brick the leakage is especially bad. In order to get samples which were
as little diluted as possible by air one would want to sample at locations
as close to the actual furnace as possible. This procedure would give -
results which might be slightly moré accurate and it would allow a closer
determination of the change in oxides of nitrogen emissions as a function
of excess air in the furnace. The furnaces themselves may have air‘fuel
ratios so neay stoichiometric that slight changes in the air fuel ratio
could be masked by air leaking into the exhaust stream if the sample was

taken very far downstream.,



If samples are taken at the open hearth furnace exit the flue gas
temperature will at times be greater than 3000°F. A cooled probe is thus
required. For the most part samples were not taken at this location
although in order to determine if oxides of nitrogen were either forming or
disassociating in the checkers some samples were taken at this location.
Figure E~lis a schematic of the flue gas flow from an open hearth furnacé.

Sample point one shows where the cooled probe was used.

Samples can be taken at ﬁhe discharge of the checkers. At this
point some leakage of air into flue gas has occurred but the gases have
cooled to temperatures which are low enough to aliow a non—cooléd proke
to be used. Two other difficulties with this sample point are that flue
gas can be sampled from this point for only half the cycle and the gas
flew can not be convéhiently measured at this point. This sample point

is shown as sample point 2 in Figure E-1.

Gases from open hearth furnaces can be sampled after the waste heat
boiler which has the advantage that the flue gas can be monitored continuously.
However, at this point the air leakage into the flue gas has been substantial.

Sample point 3 on Figure E-1 shows where this sampling point is.

In order to obtain samples at a location where i£ is feasible to
attempt measuring the gas flow rate it is necessary to take samples after
the electrostatic precipitator. - This sampling point is identified as ™
sample point 4 on Figure E-1. Flue gases from open hearth furnaces have
nitric oxide concentrations which are higher than the highest standard
gas. Therefore in order to assure the validity of the results at these
high concentrations some samples were taken for wet chemical analyses and
the results of these wet chemical analyses were compared with‘inst;ument

readings taken at the same time.

The gases from the sinter machines were sampled from ducts near
the stack. By this time the gases had been intentionally diluted to
lower their temperature so they would not overheat the materials in

dust collection system (baghouse).
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The gases from the soak pits were sampled at the discharge from
the pits. From this point the gases from four pits were combined in ore
common stack. It was therefore necessary to sample the gases near the

actual pits.

The boilers, coke ovens and reheat furnaces were sampled from

the stack or locations near the stack entrance.

Operational Aspects of Testing

Each of the open hearth furnaces which were tested were monitored
over a complete cycle. This required 6 to 12 hours run time to test a
furnace through the steps‘of, repairing the furnace bottom {making bottom)},
charging, melting, making steel and tapping. Random fluctuations in
oxygen concentration and the associated emissions variations were noted.
Different open hearth furnaces were sampled at various locations in order
to: obtain results which would reflect the change in oxides of nitrogen
concentration with oxygen in the furnace; make continuous measurement of
the emissions; make gas flow rate and NOx concentration measurements at
the same place; and determine if NOx was produced or decomposed in the

- checkers.

The soak pits were tested while the steel was being brought to
temperature, high fire, and while the steel was being held at temperature,

low fire.

Coke ovens and boilers were tested with two different fuels.
Results

Figures E-2, E-3, E-4, and E-5 show the emissions from the four
open hearth furnaces as a function of time. Clearly the figures show
the oxides of nitrogen emissions increase as the metal temperature increases.
it can be seen from Figures E-4 and E-5 that the emissions axe lower after
the hot metal is added. . This lowering may be due to the hot metal addition

itself or it may be due to the fact that at the time the molten metal is
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added the operators begin lancing the oxygen into the metal vather than

[
[

t . . L.

adding it with the air and fuel. It can also be secn from Pigurcs E-2

E~3, E-4 and E-5 that in general the NO goes down where the CO goes up.

Oxides of nitrogen decrease very rapidly with flus gas oxygen
cencentration in open hearth furnace operation. Figures E-5 and E-7 sl
the oxygen-nitric oxide curves for the two furnaces from which.the samples
were drawn very near the furnace. Open hearth furnace numbex one was
sampied at the discharge from the checkers. The results from this furrace,
shown in Figure E~6, show the nitric oxide concentration falling to wvery low
levels as the oxygen in the flue gas falls to 1%. The results from onen
hearth furnace number two, which was of a different type, are shown in
Figure E~7. Here the nitric oxide falls to very low levels when the oxygen
in the flue gas falls to 7.5%. Since the gas from this furnace was sampled
after the waste heat boiler it was more diluted by air leaking into the
flue gas which may be the sole reason for the nitric oxide dropping to very
low levels at oxygen concentrations as high as 7%. Also data points
representing two types of operation can be seen on Figure E~7. It is not
cilear If high flue gas oxygen is one of the necessary conditions of

operation before hot metal addition.

The wet chemical method, phenol~disulfonic acid Procedure, was used
to check the instrument results. Triplicate samples were taken at four
different times from an open hearth furnace. Four instrument readings
were taken at the same time. In spite of large swings in the nitric
oxide céncentrations.in a very few minutes, the average of the twelve
wet chemical samples was within 2% of the average of the four instrument

readings taken at the same time.

The gas sampies taken near the furnace exit, with a cooled probe,
showed the same corrected nitric oxide level as the samples taken after

the checkers.

The time average emissions over a cycle for the two open hearth

furnaces which used molten pig iron for part of the charge were calculated
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to be 1320 ppm NO and 1268 ppm NO corrected to 3% 02 in dry flue gas.
The average is 1294 ppm‘NO which converts to 1.58 1b of NOx as NO2 per
million Btu. This average emission factor was used for the eight operating

open hearth furnaces of this type in the South Coast Air Basin.

The results of this testing, an emission factor of 1.58 1b NO as
NOx per million PBtu, and the fuel use information supplied by the cperator

of this type open hearth furnace resulted in a calculated annual emissions

that was 3% less than the annual emissions found by the San Bernardino ZPCD
54 .

for these units. This agreement is very close when one considers the

variations in NO concentration from unit to unit from charge to charge and

especially from minute to minute, as shown in Figures E-5 and E-6.

The two open hearth furnaces which were tested that produce steel
only from scrap had emission factors of 2.85 and 2.40 1b NO as NOk/million
Btu. These factors were used for these Ffurnaces and the average was used

for the two other furnaces of this type.

Data from the LAC APCDGl. indicated 307 ppm NOx in the exhaust gases"
from the furnaces, which are cold metal furnaces. The flow rate was 17000
CFM. This would indicate an emission rate of 40 1b/hr or an emission “actor
of about 0.8 1b of NOx as NO2 pex millibn Btu if the firing rate were
50,000,000 Btu/hr which is typical of these units. Alternatelv an emission
factor of about 0.6 1b of NOx as N02 per miilion Btu could be calculated
from the average flue gas oxygen level given in the test report. 1In any
case the emission factor established during this program for these units

is 3 to 4 times as large as the previously available factor.

The two sinter machines had average emission factors of 0.4 1b of
NOx as NO2 per million Btu. These units also had CO emission levels of
1400 to over 2000 ppm (full scale on the high range of the instrument).
This emission factor times the reported gas and one time measured coke
use, resulfs in an annual emission rate which is only 40% of the value reported
by the SBC APCD. The discrepancy could be in one of the measurements or

a difference in operating conditions.



Coke oven battery F when tes
gas. It had an average emission ¢f 121 ppm NC in 3% O
This concentraticn of NO converts to an emission factor
when a correcticon for the dilution due to the inerts in
gas 1s made. Coke oven batfery G when tested was bhurnin

= tay

ted was burmning most

lv bilas

t

furnace

the bliast furnace

g ccke oven gas. The

average concentration from this unit was 176 ppm NO in dry flue gas containins

(953

E O?. This concentration also converted to an emission
per wiliion Btu.

from the coke ovens.

factor of .21 1b

This facter was therefore used to caiculate the emissions

The emissions for the ccke ovens calculated from the emission

factors 0.21 and the fuel use supplied by the operator was 91% of the value

reported by the San Bernardino APCD.

Of the two boilers tested, one was burrning blast
resulting in an average nitric oxide concentration of &2
to 3% O2

in dry flue gas. This converted to 0.12 pounds

per million Btu. The other boiler was burning a mixture
gas and coke oven gas and it had an average nitric oxide

of 53 ppm corrected to 3% O,> in dry flue gas.

to an emission factor of 0.076 1b of NOx as NO2 per million Btu.

furnace gas

ppm NO corrected
of NOx as NO2

of blast furnace

concentration

This concentration converted

Using

these emission factors and an assumed emission factor when burning number

6 cil of 0.4 1b NO_ as NOx per million Btu resulted in an inventory which
P4

was within 4% of the value found by the APCD.

The two reheat millis which were tested were burning natural gas.

One was firing at a low level and the other was firing a

They had cmission factors of 0.109 and 0.138 1b of NOx as NO2

t a normal level.

per million

Btu. The average of these emission factors, 0.123 was used for devices

of this type.

Two scak pits were tested for nitric oxide emissions.

An emission

factor of 0.113 1b of NOx as NO, was established for these type devices.

2
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E-3 STEEL PRODUCTION NOx EMISSION INVENTORY

Only a small number of units of any type used in the production
of steel were tested. Tour open hearth furnaces were tested. However this
represents 1/3 of the total population in the South Coast. Air Basin. Of_
the other types of devices tested two each were tested. With such a small
nunber of devices tested it was only possible to establish cmission factors
on the basis of type of device, gross differences in design or operation,

and type of fuel.

The emissions of NOx as NO2 from steel production in the South
Coast Air Basin has been calculated to be 7090 tons per year. One hundred twelve
devices produce this amount. Of this amount 4246 tons or about 2/3 is
produced by the twelve open hearth furnaces. The 7090 tons per year is about'

4.5% of the total emissions from stationary sources in the Soutb Coast 2ir

Basin.
The results are tabulated below:
IRCN & STEEL' PRCDUCTION
NOx EMISSION
Emissions NOx as NOo
Number Q _Range Summer Winter Annual

Device of Devices 10" Btu/hrx tons/day tons/day tons
Open Hearth i2 55 to 72 12.620 11.863 4246
Furnaces
Coke Oven 7 112 1.727 1.840 612
Batteries i
Sinter Machines 2 116 . 700 . 700 178
Boilers 8 28 to 314 2.146 4.277 826
BCF 3 0 1.050 1.050 - 381

*
Other 80 7 to 420 2.629 2.837 847
Totals . 112 ’ 0 to 420 20.872 22.567 7090

*
Soak Pits, Reheat Furnaces, Rolling Mills, Blast Furnace Stoves, etc.



—

E-4 STEEL PRCDUCTION ENISSICN RODUCTION POTENTIAL

Open Hearth Furnace

Figures EBE~6 and E-7 show the emission from two open hearth furnaces
as a function of oxygen in the flue gas. Considering Figure ©-6 it can be
seen that the nitric oxide emissions from No. 4 open hearth furnace would
be below about 1500 ppm when the oxygen level as measuxeé at the exit from
the checker work is maintained below4% . If awaycould be found to maintain
oxyyen beliow this a significant NO reduction would result. It might not
require new operation conditions but only that the operation be confined o
a part of the current range of conditions. It would require testing,
instruments and probably new controls for esach furnace. For comparative
cost effectiveness computation, a cost on the corder of $125,000 has been
estimated for each furnace since each furnace must have dual instruments and

controls teo accommedate fire from either end.

At 3.5% oxyyen the emissions factor for No. 4 open hearth furnace is 1.51}3/106

Btu. This emission factor is 0.9 (2.4 minus 1.5} lb/lO6 Btu lower than

the average emission factor for this furnace. If emissions from all four of

the furnaces at this location,which are similar,could be reduced by this amount the
emissions from this plant would be reduced by 1,072,000 1b/yr. The initial cost of
$500,000 for the purpose of this assessment is assumed to be annualized at

a rate of 20% or $100,000 per year. The equipment maintenance cost estimated

at 5% would be $25,000/year. On the other hand, the reduced flue gas flow

will result in reduced loss of heat to the stack. The reduction in oxygen

Yo

ewad

concentration in the flue gas by 2% would reduce the flue gas losses for

the four units by about 12,000x106 Btu/yvear. If the fuel is wvalued at
$2.00/106 Btu the savings would be $24,000 per year. For this assessment

it is assumed that the maintenance costs would be offset by the fuel savings.
The cost effectiveness raitio weuld then be theiannualized initial costs
divided into the emissions reductions or 10 lb of NOx prevented/dollar

expended for centrol.



Figure E-7 shows the emissions from open hearth furnace No. 2 as
a function of excess oxygen. Clearly the emissions are lcwer when the

oxygen level is lower. However, the data do not necessarily show a

reduction in NO emissions with a reduction in oxygen concentration except
when the oxygen is lanced into the metal. Even so, it may be possible to
reduce the NO emissions to nearly zero during the main part of the steel

making operation by restricting the oxygen concentration to the low end of

what was found to be the normal range. That is, if during the time oxyéen'is
lanced into the metal the oxygen in the flue gas is restricted to less than
8%, when measured just after the waste heat boiler, the NO concentrations
should approach nearly zeroc during this time. This would result in an
emissions reduction of about 35%. Further reductions might be possible by
reducing the oxygen concentration dﬁring the charging and melting time.

The 35% reduction would result in an emission reduction of 880 tons or

1,760,000 pounds/year. It 1s estimated that the 8 open hearth furnaces at this loca~- _

tion could be equipped with instrumentation and controls which would allow the flue
gas oxygen level to be closely controlled and pProperly set up for a total

cost which is estimated for the purposes «f cost effectiveness comparison

to be about $1,000,000. If annualized at a rate of 20% or $200,000/year,

the effectiveness ratio would be 8.8 1b of NOx as NO2 eliminated per dollar
annual cost, assuming an even tradecff between. maintenance cost and fuel

savings as in the previous example.

Figures E-4 and E-5 show the nitric oxide emissions from two open
hearth furnaces as a function of time. It can be seen from these figures that

the nitric oxide concentrations drop when the hot metal is added and the
oxygen is introduced under the metal. This information provides clues

as to how the emissions might be reduced further. For instance, it might
be possible to add the hot metal at an earlier time and thereby reduce the
emissions. It might be possible to reduce the oxygen used before the

hot metal is added and thereby reduce the nitric oxide emissions.

=20
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Sinter Machires

Reduction of the nitric oxide emissions from the sinter machines

is not seen as particularly easy or pressing, since the annual emissions

from these machines is less than 90 tons each.

Boilers

These boilers have low emissions factors for the fuels which
were being used when they were tested. 2also, the use of the remaining
fuel, ©il, is very limited, so the reduction of nitric oxide emissions

from these boilers does not seem to be warranted at this time.

ggke Ovens

The emissions from these devices are low and the emission factors
are low. No ready approach to econcmic reduction of these emissions was

evident from the test resulits.

Rolling Mills, Soak Pits, etc.

Emission reductions from these devices are not seen as practical

at this tinre.



Conclusions

The emissions of oxides of nitrogen by steel making operations are

about 4.5% of the total emissions in the South Coast Air Basin. About

of the emissions by steel production are caused by open hearth furnmaces.

Although not demohstrated, it is estimated that by careful control
of excess oxygen the NOx emissions from copen hearth furnaces might ke
reducible by 35%. This would be 1486 tonstper year, abdut 1% of the total
emiésions from stationary sources in the South Coast Ailr Basin and about
20% of the emissions from steel production. The cost effcctiveness ratio

would be about 9 pounds NOx per annualized dollar expencded for control.

Future emissions from steel producing equipment will be increased
by: increasing production; additional equipment; switch to higher fraction
of o©il; and decreased by decreasing production and retirement of eguiprent,
especially open hearth furnaces. Open hearth furnaces are no longex the
most competitive method of producing steel so no new units are expacted to be
ccnstructed,and some of the existing furnaces could conceivably be retired

by 1980.

At this time there is no firm bas’s for projecting increased ox

decreased emissions for iron and steel production in 1875 or. 1980.
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APPENDIX F

CEMENT PRODUCTION WILNS

-1 INTRODUCTION

Portland cement is made by sintering a mixture of raw materials,

one of which is composed mainly of calcium carborate {as limestone) ard

the other of aluminum silicates {(as clay or shale). During the sintering

[

process chemical reactions take place which produce clinkers of calciua.
silicates and aluminates. The feed which is a mixture of the above materials
is fed into a rotary kXiln which is about 500 feet long and 12-~16¢ feet
diameter. The kiln turns slowly causing the charge to roll, tumble and
gradually move to the discharge (lower) end of the kiln. At the lower end
of the kiln it is fired with a gas or oil flame. The combustion air is
preheated to 1000°F or higher by direct contact with clinker which has
discharged from the kiln. The hot combustion gas and clinker pass counter
currently to one another in the kiln resulting in low temperature differences
and slow heat transfer. In other words, the combustion gases in a cement
kiln are cooled in 500 feet of travel abbut the same amount that combustion
gases are cooled in 50 feet of travel in a boiler. Even the pass through
the first 10% of the kiln where probably all of the nitric oxide is formed
may take 2 seconds which is much longer that gases are in the hottest part

of a boiler.

In a cement kiln it is critical that certain chemical and physical
changes take place. Some of these changes are exothermic. Thus, once the
charge is heated to certain temperature it may heat up several hundred

degrees more by itself,

The final cliinker temperature is 2600-2S00°F. The flame temperature

is necessarily higher, but, the heat transfer to this hot material is slow.

_ The air preheat is higher than in most industrial combustion devices.
The medium to be heated is hot which results in slow transfer of heat from
the flame to the medium and thus a nearly adiabatic flame. The very high
flame temperature and very long residence times can be expected tc result

in high emissions of nitric oxide.



Figures F-1 and F-2 are schematics of " kilns showing the impertant
features and the sampling points. Air is taken in through the forced draft
fan and used to cool the cllnkex after it discharges from the kiln. In
the clinker cooling process tne 2ir is heated to over 1000°F. Some of the‘
air is extracted, the dust is removed from it and it is discharged. lost
of the air passes into the kiln where it is used to burn the fuel. The hot
gases are in intimate contact with the charge material as each passes the
other on their ways to their respective discharge ends of the kiln. The
charge enters near ambient temperature and discharges at 2600~-29C0°F. The
gases may reach temperatures up to about 4000°F in the flame and discharge at
about 1200°F. The actual maximum flame temperatures are not readily
measurable, but have been estimated by kiln designers and operators to fall
somewhere in the range of 3200°F and 400CG°F. After exiting the kiln the
gases are cooled, either by air dilution as shown in Figure F-1 ox by water
spray as shown in Figure F-2, and then pass to a baghouse for dust collection.

Following the baghouse the flue gases are discharged, perhaps up a .stack.

There are four large kilns in the South Coast Air Basin producing
typical Portland cement. Two much smaller kilns produce specialty cement
products. The cement manufacturers also use dryers to dry raw materials,

put these have low heat rates and low emissions.

An extremely large error (on the low side) was estimated for the
major cement kilns in the preliminary inventory. This was the result of
using an EPA12 emissioh factor which when checked against a SBC ARPCD test
result yielded values as much as a factor of three two low. Large temporal
variations of the actual emission rate with system operating,conditions
were believed to occur as a consequence of the balance of conditions that
set the maximum temperature in the kilns. 1In the preliminary inventory the
daily emissions from cement kilns was estimated at 6 tons per day but an
uncertainty of +300% or 18 tons per day was also estimated. An error of
this'magnitude was too large to be acceptable for inventory, hence a high

priority was assigned to testing those major kilns.
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Of the four large kilns three were tested. The fourth was down
for repairs during the program and was not available for testing. All
three of the kilns tested were tasted while firing natural gas. Only onz of
the kilns fired oil during the time the tast squipment was at the cement

piart. This kiln was tested when firing cil as well as Jas.

MEASUREMENT OF NOx EMISSIONS FROM CEMENT PRODUCTION KILNS

34
1
N

Cement kilns are constructed with a steel shell and little or no
air leaks into them. However, after the gas exits the kiln it may be
diluted with air in order to lower the gas temperature. The gas exiting
a cement kiln is usually at about 1200°F and it must be zooled enough that
the gas can be handied in‘a baghouse. In kilns A and B air is added to the
hot gases as shown in Figure F-1 and cocled to about 350°F. The gas samples

from these two kilns were drawn from the stacks as shown in Figure F-1.

In kilns C and D the gas ccoling was accomplished by water spray
as shown in Figure F-2. These kilns had no stack. The sample was taken
directly from the kiln through the operator's existing sample line. This
sanpling procedure allowed a careful correlation between flue gas 02 and
oxides of nitrogen.

Kiln B was tested on gas alone. Kiln A was tested both when firing

natural gas and when firing oil fuel.

Kiln C was tested con gas fuel only but it was tested both at full

" load,; normal operation and while it was being brought up to full load. Kiln

C, which was sampled as shown in Figure F-2 showed a low level of flue gas
oxygen but quite a bit of random fluctuations in that concentration. These
fluctuations allowed a determination of the sensitivity of NOx to flue gas

exygen concentration.



Kiln A which was tested both while firing natural gas and oil
fuel showed distinct different emission levels for the two fuels. Clearly,
in this kiln, the use of oil fuel produces less oxides of nitrogen than
the use of gas fuel. In most combustion devices oil combustion produces
more nitric oxide than does gas combustion. Emission regulatibns usually
reflect this. Nitric oxide emission regulations are usually set 100 ppn
lower for gas fires than for oil fires. In small combustion devices with
extremely non-adizbatic flames oil flames usually produce more nitric oxide
than gas flames. However, considering that uncontrolled devices as they
become larger _ have more nearly adiabatic flames, the nitric oxide
production from gas flames exceeds the production from oil flames.
As attempts to reduce the emissions from these units are made the emissions
from gas fuel flames are much more responsive to modifications which consist
frequently reduction ih the adiabatic flame temperature. Since nitric
oxide emissions from oil flames do not respond to increasing or decreasing
flame temperatures as much as the emissions from gas flames, it is noﬁ
surpfising that, in the case where the combustion air is heated to a very
high temperature and the flame zone is nearly adiabétic, emissions from
oil fires are lower than the emissions frcm gas fires. Perhaps the most
palatable explanation for this is.that a significant amount of the nitric
~oxide produced in oil.flames comes from nitrogen in the fuel and is only
slightly affected by flame temperature. On the other hand the thermal
formation of nitric oxide, which is the only mechanism in natural gas flames,
increases very rapidly when flame temperatures are increased as discussed in

Section 2.1.

¥iln A exhibited fluctuations in emissions while firing both gas
and oil for no readily apparent reason. - Perhaps
fluctuations in the oxygen concentration in the flame zone which were
obscured by the air dilution of the flue gas are responsible for these

emission variations.

Figure F-3 shows the corrected NO readings taken while Unit C was

coming up tec full load. The NO readinqs are shown as a functicon of time.
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On the same figure the feed rate is shown as a function of time. For the
most part the emissions went up as the feed rate went up. There was a low |
NO reading at 1345 hrs., however. While it may have coipcided with a low
feed rate, it also coinci&ed with a low oxygen reading (0.03%) and a high
carbon monoxide readiﬁg (600 ppm). The peak NO concentraticns which '
occurred at 1540 hrs. to 1556 hrs. corresponded to peak oxygen levels of
3.0 to 3.6% in the kiln. The emissions at full load for Unit C are plcﬁted
against time in Figure F-4. 1In Figure F-5 the emissions at full load are
plotted against oxygen concentration and the reason for the variation can
clearly be seen.

When firing natural gas, kilns A and B, which are supposedly
identical, had emission ranges of 1680-2890 and 2790~3565 ppm NO in dry

flue gas with 3% O_,respectively. KilnAhad an emission range of 600-1085

ppm NO in dry fluezgas containing 3% O2 when firing oil.

Kiln C had emissions of 2400-5200 ppm NO{in dry flue gas containing
3% Oz)at full load. The variations were due to oxygen concentration as
can be seen in Figure F-5. Kiln C had emissions while coming up to load
of 500-5000 ppm NO(in dry flue gas containing 3% 02.) These emissions can.
be seen from Figure F-3 to increase with load and with flue gas oxygen

concentration.

The results are tabulated in Table F-I.



TABLE F-I

RESULTS OF MEASUREMENTS OF NCx

EMISSIONS FRCM CEMENT KILNS

Device Gas Fuel O0il Fuel Feed Operating O_,s* CG, XNO,ppm j3{e)
Fiow, Flow, Rate Condition rpm Measured Cecrrected
1000°s of CFH gpm T/hx

A —— 2325 75 Steady 14-15 0 130-265 500-1485

2 230 - 75 Steady 14 0 430-490 1680-2890

B 224 - 75 Steady 14-14.5 0 620-900 2780-~3565

C 10Q~245 - 56-96 Increasing .03-10 0-600C 230-3800 500-5000
Load :

c 228-260 - 95-102 Steady 1.5-5.0 C 1900-3800 2400-5200

* Corrected to equivalent value in the dry products of combustion containing

sufficient excess air to have 3% oxygen.

* Cxygen levels in kilns A and B are higher because the samples were taken

from the stack after the gas .had been cooled by dilution with excess air.

Actual levels in kiln are indicated to be near 1% O2 by plant instrumentation.

5800-179
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Data Correlation

The gas fired em1551on factor for each of the kilns tested was
determined from the time average of the measured emissions over several
hours at full load foxr that particular unit. Unit D which is nearly
identical to Unit C was assumed to have the same gas fuel'emissiqn factor

as kiln C.

The average emission factor. established for kiln A while firing oil .

was used for both kilns A and B. Kilns C and D were assumed to have oil
emission factors which were the same fraction of the-gas emission factors

as the ratic of the factots found for kiln A.

Two small, speciality cement, kilns E and F, were assumed to have
the same emission factors as the two large kilns at the same location.

These kilns have low firing rates and thus low emissions.

Table F-II shows the emission factors for the cement kilns.

TABLE F-II1
CEMENT KILN EMISSIONS FACTCRS

Emission factors, ,
pounds of NOx as N02 per MMB

Kiln Q. MMBtu/hr | Gas Fuel 0il Fuel
A 220 2.32% 1.08%
B 220 3.67* 1.08

c 350 4.2% - 2.0

D 350 ‘ 4.2 2.0

E 75 4.2 2.0

F 75 4.2 2.0

*Tested during this program

F-12
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-3 CEMENT PRODUCTION KIIN NOx EMISSION INVENTORY

The emissions frdm cement kilns were found to be 11,848 tons per
year or 8% of the emissions from stationarv sources in the South Coast
Air Basin. These kilns burn 0.5% of the oil and 1.2% of the natural gas
used by commercial and industrial stationary scurces in the South Coast
Air Basin. The fouxr large kilns currently cperate at over 90% of capacity.
At times they are in repair and it is not likely this will chance in the

near furture.

On a swmmer day when burning gas the emissions from cement
manufacturing is 37.4 tons per day or about 10% of the total from stationary
sources in the Southn Coast Air Basin. On a winter day burning 0il the emissions
from cement prdduction is only 13.1 tons per day or only 2.5% of the total
stationary emissions in the South Coast Air Basin. The increased percentage
on a summer day is due to the fact that when all units are burning natural
gas most devices have low emissions relative tolthe emis$sions when burning
0il, while the converse is true for cement kilns. Also.for the inventery

year these kilns operated at lower loads in winter.

Presented in Table F-III is a tabulation of the emissions data

from cement production activities.



TABLE F-IIT
NOx EMISSIONS FROM CEMENT PRODUCTION KILNS IN THE SOUTH COAST AIR BASIN
‘ July 1972 - June 1973

Annual
Q ' daily
Rated Capacity Summer Emissions Winter Emissions average

Device 106 Btu's/hr tons/day tons/day téns/daz_ tons/year
KILN 350 9.17 3.28 8.31 3033
KILN 350 9.17 3.28 8.31 3033
KILN 1220 9.69 2.74 7.52 2746
KIIN 220 6.13 2.74 4.90 1788
KILN 75 1.59 0.47 1.69 616
KILN 75 1.5¢ 0.47 1.69 616
DRYER 65 0.00 0.01 ‘ 0.00 0
DRYER 30 0.03 0.03 V 0.02 ]
DRYER 27 0.02 0.01 - 0.02 6
DRYER 16 0.01 0.01 6.01 3
BOILER 12 0.00 0.02 0.01 3 .
Total 1440 37.4 13.0 32.5 11848

It is assumed that due to decreasing natural gas availability these
operations will be burning about 100% 0il in 1975 and beyond. It is estimated
that the emissions would be reduced by about 5400 tons per year as a direct

result.

5800~179



-4 CEMENT PRODUCTION KILN EMISSION REDUCTION POTENTIAL

The two cement plants in the Basin emit about 12,000 tons per vear
of NCx. Of this.amount 10,600 tons are emitted by only four devices.
device has only one burner. Therefore, in terms of nurbers of devices and
numbers of burners cement kilns are high emitters. Thus an effort on combus—
tion modification or stack gas treatment Could, if successful, result in a

large reduction in the NOx emissions.

Modified Operation - Reduced Excess Oxygen

Kilns A and B when firing gas had very different emission factors
from each other. It should be possible to find the difference, which may
oxygen level in the kiln or burner design or operation, and operate both
kilns to emit as kiln A does. Finding the difference might not be simple
since the kilns are thought to be nearly identical. Since the range of emissions
from the two kilins barely overlap it would seem the kilns could be operated

to produce NOx at the lower level. Similar changes might reduce the emissions

from kilns C and D.

In addition to the differences between kilns there is a wide variation
with time in the emissions for each kiln. Most likely changes in the bxygen
concentration in the flame is the most important independent variable. While
NG formation is a very strong function of temperature it is also directly
related to the square root of the oxygen concentration. Therefore reduction
in oxygen concentration should reduce the nitric oxide emissions. Figure F-5
shows the effect of excess oxygen on the nitric oxide emissions from kiln C.
If the units could be operated full time at the low.end of the range which
was presented as typical, the emissions could be reduced significantly. For
instance, at 1.2% oxygen in kiln C the NO concentration would be 2600 ppm,
the emission factor would be 3.2 1b per million Btu and the emissions from
kiln C and D would be reduced by 624 tons/year or about 20%. It would not
be necessary to produce clinker under new conditions. This reduction could
be achieved by confining the operation to part of the normal range. In order

to optimize the reduction it would be necessary to characterize the desired



operating condition with more detailed testing and to install some rnew

instruments and perhaps even controls.

Kilns A and B were sampled in the stack .and therefore the dilution

of the flue gas with air obscured the changes in emissions with oxygen level.

However, by altering kiln B to operate like kiln A and confining the operation

of both of these kilns to the low part of the emission range substantial
reductions in the emissions could be made. An emission factor of 2.1 1b of
NOx as NO per million Btu could be achieved in kilns A and B without the
necessity of using a new set of conditions to make cllnker. In order to
achieve these lower emission levels it would be necessary to,ﬁake‘tests to
détérmine the emission characteristics of the units and set them up to
operate at minimum emissiéns. New instruments and perhaps even new control

devices may be necessary.

For the purpose of making comparisons between emission reduction
techniques it is necessary to make cost estimates. The capital costs and the
costs of the testing are.assumed to be about $50,000 for each kiln. While
there would be some maintenance for the new equipment there would also be
some fuel savings. The two are considered for the purposes of this report
to cancel each other (see discussion Section 11). If the capital cost were
annualized at the rate of 20% per year, the annual cosﬁ would be $10,000
per kiln. Using the estimated newemission factors and the ones obtained
from the measurements an emission reduction of 2500 tons per year might be
achieved on the four kilns. Dividing the 5,000,000 pounds per year by
$40,000 4 x $10,000) results in a cost effectiveness ratio of 125 pounds
N02 reduced per dollarxr oﬁ annualized cost. This is approximately 100 times
more cost effective than some of the automotive emission controls under

consideration or implementation.

Alternate Fuel

Comparing the emissions of kiln A when firing o0il to the emissions
of this kiln when firing gas one sees oil fuel produces much less nitric
oxide than gas fuel at least in this unit. It would probably be true that

switching te oil from natural gas would reduce the nitric oxide emissions



from other kilns and devices requiring high air preheat and heat transfer

o very hot materials.,

By switching the four kilns o oil it is estimated that reduction

[V

in annual emissions of 5386 tons per vear could “e achicved. The annual cost

10}

for this change could be estimated if one knew the cost differential between

natural gas and oil. Assuming that the difference is S$S1.5

[®]
s

exr MME the annuel

-

cost would be $7,875,000. Dividing this cost into the estimated emission
reduction of 10,772,000 pounds results in a c¢ost effectivenhess ratioc of 1.36
ibs of NOx prevented/dellar differential fuel cost, about equal tc auvtomotive

control examples in Section 11.2.

The change to oil for the sake of reducing oxides of nitrogen emissiens
would thus be only marginally cost effective at this time based on this ocil
cost differential {see discussion Section 11). However, the price differential
may ke less at a future time. More likely is that gas fuel will not be
avaiiable to the cement manufacturers. In this case the'necessary change

from gas fuel will result in a reduction in emissions of oxides of nitrogen.

It has been announced that one of these plants is going to put in
coal burning equipment. How the switch to coal burning will affect the
emissions of oxides of nitrogen is not known, but it is suspected that

emissions for coal would be more like that of oil than for gas(see F-2}.

Stack Gas Treatment

Treatment of stack gases to eliminate nitric oxides, to the author's
knowliedge, has not bzen applied to cement manufacturing operations. Processes
which inveolve the reduction of NO and NO2 to N2, HZO and C02 by reacting
the nitric oxides with a fuel, usually natural gas, over a catalyst have
been developedo62These Processes are used to treat the gases released from
nitric acid manufactuvring operétions. The gases from the two processes have
a couple of similarities: high NOx, and low O2 before dilution} which
indicate they might be treated by the same process. They also have some

differences, notably the small size particulate loading in the cement plant

efflyent gas thch could poison the catalyst.

F-17



Mr. William T. McShea, Engelhaxd Industries made an estimate Qf‘the
costs for a procass to remove the NOx from the flue gas generated by cement

. 63 . . . ‘
production. The estimate is based on data which are not complete and should

be considered preliminary. It reads in part as follows:

“"The basic catalytic reduction abatement system is described on
our sketch A-17496, two (2) prints of which are enclosed (Figure F-6). Ve
have based our design on the 100 ton/hr (feed) direct water-—-cocled cement kilns.

Gases from the baghouse would be ducted to a 2,000 H? blower. Blower
exhaust would discharge into the cold side of a gas—-to—gas heat exchanger

designed to raise the température from 800 to 1000°F by counter-current
exchange with the exhaust gases coming from the catalytic reactor. Additional
heat would be provided by a natural gas fired preheatér to raise the gas
temperature to the required minimum catalytic reactor inlet value of 1250°F.
In the fixed bed catalytic reactor, oxides of nitrogen will be conbined with
methane to prcduce carbon dioxide, free nitrogen and water vapor. We are
confident that sufficient efficiency can be designed into this reactor

such that the exhaust gases will contain less than 200 ppm by volume NOx.
Reactor exhaust at 1300°F will pass through the gas-to-gas heat exchanger,

exiting at 1100°F. Some of this gas will be directly exhausted to
atmosphere while the balance will be sent to the direct water cooler.
Exhaust from the direct water cooler will be at 100°F and would be added

to the cement kiln exhaust for dilution and cooling.”

"We recommend that the existing alr-cooled cement kilns be switched
over to. direct water cooling because airxr dilution requires additional fuel

to burn out the oxygen contained in that extra air."

"The primary advantages of this catalytic reducticn abatement system
over direct or thermal incineration are as follows:

1. The lower operating temperature will allow lighter weight
process unit constructions, thus saving on installation costs.

2. .Lower fuel consumption will save on annual operating costs.

3. The shorter residence time required for the catalytic reactor to
effect the reduction will minimize equipment dimensions. '

4. The low temperature operation minimizes the possibility of

carbon formation."

F-18
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“We estimate the capital cost of the system described as follows:

Includes Does.Not Incluce
Rlower/Motor/Startexr Installation

Heat Exchanger Foundations
Preheater ' Interconnection of
Catalytic Reactor Electrical Utilities

Initial Catalyst Charge

Piping r
Structural

Engineering ‘ : : “ T e
Freight ] “ ) ' ,ﬁ

Instrumentation
Total.e.eeooas....$1,312,000 °

‘wThe operating costs for this system, inclusive of fuel reguirements,
horsepower requirements, and one_cataiyst bed chaﬁge per vear, at approxi-
mately $500,000. We have assumed a fuel cost of $1.00 per million Btu, and
$.89 per 100 horsepower-hour, operation of the cement kiln at 24 hours per

day, 360 days per year."

Tt is assumed for the purpose of this report that the items not
included are the field and home office expense represent 35% of the total .
plant cost. The total plant cost then becomes $2,020,000. The operational
cost if one annualized capital cost at 20% per year, and 5% maintenance, is
$500,000 plus $404,000 plus $101,000 or $1,005,000. For four units the cost
would be $4,020,000 per year. The NO2 emissions would be reduced to 828 tons
per year. The reduction would be 9797 tons per year. The cost effectiveness
would be 4.9 pounds of NOx as NO2 eliminated per dollar total annual cost.

See further discussion, Section 11.

Burner Changes

Changes in the bummer operation or bummer design could probably

result in substantial reductions in the nitric oxide emissions. The
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gensitive to the pezk flame temperature and the excess oxygen at the w2 al

flame tewperature. Very subtle changes in burner design ang burner. opera-
tion zan freguently result in substantial reductions in nitric oxides
emissions. It is anticipated that a burncr which slowed down the miving of

air and fuel and produced =z long drawn out flame could reduce emissions. T

no
development of a kurner which would cperate safely and stably over the
desired firving rate, produce desirable clinker and have low nitv
emigsions could be expensive. However, the resulis could be signi
the operational costs minimal, with an overall attractive cost effectiveness

ratio.



F-5 CONCLUSIONS

The annual emissions from cement manufacturing cperations, the
four kilns discussed here, two small speciality cement kilns and five driers
were calculated to be 11;853 tons per year. This is abouﬁ 8% of the total
annual emissions of nitric oxides from staticnaxry sources in the Baéin.
However, on a summer day the emissions from these two plants are about 10%

of the total emissions from stationary sources.

Reductions of 2500 tons per year could possibly be achieved by
changing the operation of the four kilnc. ILowerin: the excess air might
accomplish this. This would be.about 1.7% of the stationary emissions in

the Basin. The cost effectiveness is estimated to be 125 pounds per dollar.

It is estimated that a reduction of 5386 tons/year might be achieved
by switching the four kilns to o0il fuel. This would be 3.6% of the emissions
from stationary sources in the South Coast Air Basin and 45% of the emissions’
from cement manufacturing operations. The cost effectiveness ratioc would be

about l.4ipounds per dollar differential fuel cost.

A tail gas clean up process has been proposed. If it would prove
to be successful on the four units it would reduce emissions by 9797 tens

per yvear at a cost effectiveness ratio of about 4.9 pounds per dollar. This

would be 6.5% of the stationary source emissions in the South Coast Air Basin,
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APPENDIX G

COMMERCIAL, INSTITUTIONAL-AND INDUSTRIAL BOILERS

-—
G-1 INTRODUCTION

B This class of devices incliudes all boilers with a firing rate of
10 MMB/hr or more except electric utility boilers, those in refineries

— and those in steel mills burning coke oven gas or blast furnace gas.
Boilers are used in industrial application tc provide process steam and

_ in ccmmercial/institutional applications primarily to provide steam for

heating and tc drive turbines for air conditioning.

Since the walls of a boiler are cool relative to the temperatures
necessary for nitric oxide formations, the flame is quenched rapidly and the
residence time, during which the combustion products are at high temperatures,

is relatively short. The result is, combustion under these inherently

i non-adiabatic conditions produces low concentrations of nitric oxide
- . . * . . C s
relative to combustion under more nearly adiabatic conditions such as

P

found in internal combustion engines, furnaces, kilns, etc.

Emission factors for boilers in the category were available from
studies conducted by the LAC APCD20 ' and the EPA.12 ° However, it is
clear from the ILAC APCD data and from the tests conducted for this program
that the NCx emissions from any individual beoiler can vary considerably

— from the emission factor. Among the factors contributing to this variation
are: '

. Basic design differences in heat release area,burner configuration,
number of burners, etc.

. Variation in operéting procedures from plant to plant; for example,
some operators attempt to minimize the flue gas oxygen levels,
while othexrs run at excessively'high oxygen levels.

o . Poor combustion control due to coarse control mechanisms and
inaccurate oxr non-existant mbnitoring instrumentation.

— . Presence or absence of air preheat.



. Differences in fuel nitrogen levels (significant for oil

combustion only)

Most boilers in this category use light oils such as #2 diesel
as the standby fuel during gas curtailment. Presumably, higher viscdsity
residual oils are not used because of the handling problems associated |
with oils that must be heated in order to be pumped and atomized. Since
0il supplied only abkout 4-7% of the total annual heat input for most of
these boilers during the 1972-73, it is apparently more cost effective to
burn the more expensive light oils than to install the necessary additiocnal

fuel systems to handle the less expensive heavy oils.

There are about 530 of these boilers in the boiler inventory,
ianging in size from: 10 MMB/hr to about 200 MMB/hr. ,0Of these, all but about
10 are rated at 100 MMB/hr or less. About 20% burn only gas, about 70%

burn gas with distillate oil standby, and about 10% burn gas with residual

0il standby. In most industrial applications these devices are characterized

by high use factors. They tend to run 24 hours a day at a high percentage
of maximum design load (v 80-110%). However there is typically a 20-50%
excess boiler capacity to alleow full production with some of the boilers
out of service. This means that each boiler is on line 70-80% of the year
and down or on hot standby the remainder of the time. In most commercial/
instituticnal applications, boilers tend to run full time alsc, but at lower
loads (v 20-50%). Generally there is a 50~100% excess boiler capacity

at these facilities with the result that each boiler is on line 50-70%

of the vear. In both cases steam is typically generated all year, with

relatively minor seasonal load variations.

Although most of \the boilers in the inventory were identified
from their APCD permits, an additional source was necessary to identify
boilers that are gas fired only ({only devices that have oil standby are
under permit). Since the California Division of ‘Industrial Safety maintains
records on all pressuré vessels, their records were consulted in order to
identify boilers not under APCD permit. This task was considerably com-

plicated by the facts that all beilers, including many very small ones,



are included in their computer records and that there is no direct

indication of firing rate in the recerds. By using the heat transfer

3

Tea an estimate of firing rate was made; the actual firing rate was

~hen provided by the operator via the Jquestionnaire. (Section 4j.

4

Since it wss not bossible to collect enough test data to develop o
new bciier emission correlations; the goals of the boiler test program
were:

« Theck the applicability of the existing emission correlaticns
with respect to a sample of the Basin population of boilers in
this category.

. Determine the spread around these correlations due to the variables
discussed above.

- Assess the NOx reduction possible by operational modifications
(low excess air, etc.)

Most of the boilers selected for testing had a firing rate in the range
10-100 MMB/hr because nearly all of the boilers in this category fall in
this size range. A few smaller boilers were tested in order to improve

the data at the lower end of the size range.

All of the boiler tests were run on boilers burning natural gas .
(except for two refinery roiler tests), primarily because this category'of
devices are fired by natural gas except for a few days of the year when
gas is curtailed. Although some tests on 0il fuel would have been
desirqble no gas curtailment occuried during the test period and néne of

the operators would switch to o0il for the tests.



G-2 MEASUREMENT OF NOx EMISSIONS FROM INDUSTRIAL, AND COMMERCIAL/

INSTITUTIONAL BOILERS

A total of 94 tests were run on 34 boilers from this category during
the test program. The results are tabulated in Appendix A of this report.
Where possible the sampling was done in the stack, up stream of the air
preheater, and at several locations. In some cases it was not possible
to insert a probe any where in the exhaust dﬁcting or stack. -When this
occurred an existing cold sampling line was used with subseguent loss of

2
cases the stack flow rate was calculated from fuel or steam flow measurements.

NO.. (This loss was compensated for as described in Section 8.0.) 1In all

Tests at various loads and/or excess oxyden levels were done on
9 of the 34tested boilers. In general the load variations were the result
of changes in steam demand rather than systematic changes for ﬁest purposeé.
In a few cases, tests were run at various excess oxygen levels of a constant
load. It was not possible in either case to conduct a systematic study of

these variables.

Figures G-1 and G-2 are plots of hourly NOx emissions versus firing
rate from gas and oil combustion, respectively. In addition to the test
data from this program, data are presented from the concurrent EPA
Industrial Boiler Program 24 and from the LAC APCD.20 For comparison
purposes, the size dependent emission correlation based on LAC APCD data 20

.. 12
and the EPA recommended emission factox are alsoc shown.

The scatter in the data is typical of other such plots {see
Figuﬁe 2-1 and 2-2) as discussed in Section 2.2. Almost all of the gas
test points (from all three sources) fall within a band 50% lower to
100% higher than the LAC APCD correlation; most of the oil test data also
falls within' a similar band. Stated another way, most of -the test data

is within a factor of 2 higher and lower than the correlation.

Table G-I shows how the test values from all three sources compare
with the EPA utility boiler new source standards of 0.2 lbs NOx/MMB for
~gas combustion and 0.3 1bs NOx/MMB for oil combustion.

G-4
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PERCENTAGE OF INDUSTRIAL AND COMHERCIAL/INSTITUTIONAL
BOILERS THAT EXCEED EPA STANDARDS

CCMNSIDERING DATA FROM {24}, {65} AND THIS PRQGRAM

“ %
?iring Rate % Of Test Points Exceeding ’
(MMB/ ) EPA Standards Fuel
P O0-10 o Gas {
10~200 22 Gas
100-250 g0 Gas
0-10 56 0il
10-100 51 0il
100~630 53 0il
5800-179



The emission correlations based on LAC APCD data were used to
calculate the emissions from this category of boilers for several reasons:
. For both gas and oil combustion they seemed to be most
representative of the data (all three éources considered)
. For both gas and o0il combustion they account for the size

dependency which has been observed.

G-3 EMISSIONS INVENTORY

The emissions for all boilers in the inventory in this category,

including those that were tested, were estimated using these correlations.

The correlation values,rather than the actual test results were used on the tested

boilers because there was no way to assure that the load and excess oxygen
level at vhich the boiler was tested was truly répresentative of the
boilers' operation over a year. If they were not, the test values would

no longer be valid for the new conditions.

After the boilers were identified and the design heat rate was
determined, the next largest uncertainties in calculating the emissions
were related to duty cycle (fraction of time on line), and operating load
fraction. Responses to the questionnaire {described in Section 4) provided
detailed information that clarified these uncertainties and provided
detailed fuel use information. This information was then used to calculate

the emissions from each boiler individually.

The emissions from industrial and commercial/institutional boilers

were calculated using the following equations:

Maximum hourly emission (lbs/hr)
‘ _ 1.17
Gas: Eyg = .092 Q

.175 Ql°l7



Peak daily emissions (tons/day)

; . - 1.17
{012} {.092) {Cpgt) {Ts/24)

I

ERt . =
Summexr: =

. L1.17F -
(«012)iml75)(CFng (Tw/24}

=
n
[
I3

¥

14
3]
}

i

Annual samissions {tons/vear)

By = 012 [£.092) (o Tt (/24 (D) + (-175) {Cpo@) "7 (2w/24) (Do) ]
where

Eyg = Maximum hourly emissions while burning gas, ibs/hx

Ehyo = Maximum hourly emissicns while burning oil, lbs/hr

Epg = Average summer daily emissions, tons/day

EDW = Average winter daily emissions, tons/day

E, = Annual emissions, tons/year

Q = Maximum design firing rate, mmB/hr

Cpg = Capacity factor, summer ]

Cpy, = Capacity factor, winter

Cme = Capacity factor on gas )

Cpg = Capacity factor on oil

Ts = Average fired hours per day, summer

Tw = Average fired hours per day, winter

T = (Ts + Tw)/2, average fired hours per day, on gas

qg = Days per year burning gas

Qb = Days per year burning oil

Table G-II shows a breakdown by fuel types of boilers in this
category:



TABLE G-II

BRREAKDOWN OF BOILERS BY TYPE(S) OF FUEL USED

Size Range % of All Boilers

Fuels Number (MMB/hx) In This Category Type

gas only 33 (10-73) 6 Cormercial/Institutional
gas and

distillate 189 (10~-45) 35 Commercial/Institutional
gas and . _

residual oil 26 (10-60) 5 Cormercial/Institutional
gas only 59 © (10-194) 11 Industrial

gas and ‘

distillate 189 (10-186) 36 Industrial

gasband .

residual oil 35 (10-66) 7 Industrial

531

G-10 5800-179
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Cf these boilexs, there are none in commercial/institutional applications .
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3 MMB/hr and cnly about 15 in industrial applications

that exceed 100 MMBR/hr.

Table G-III presents the inventoriad fuel use and NOx emissions
for commexcial, institutional, and industrial toilers other than in refineries
as well as projections to 1975 and 198Q. Having no specific data on growth
in this category for the future, the projections were bhased on the forecast
of perxcentage growth of energv requirements for "interruptible industrial®
customers of the Southern California Gas Company as submitted to the Public
Toilities Commission.34 Emissions factors were retained as the same as
in the 1972-73 invehcory. Without an emissions control program the NOx
emissions for this class of devices will grow to BlCC tons/year in 1975
and to 9800 tons/year in 1980. A significant portion of the growth is the
direct consequence of forecast gas curtailment necessitating oil substitution

for gas to the extent of about 32% in 1975 and 1980 as compared with only

10% in 1972/73.

TABLE G-III

FUEL USE AND NOx EMISSIONS PRGJECTIONS FOR
COMMERCIAL/INSTITUTIONAL AND INDUSTRIAL BOILERS

Gas Alternate Fuel NOx
Yeax (mmcf/yx) (equivalent mmcf/yr) {tons/yr)
1972/73 49,500 2,700 ‘ 5,500
1975 40,500 20,000 5,100
1280 51,506 23,200 9,800

G-11



G-4 REDUCTION POTENTIAL

Tndustrial and commercial/institutional boile;s in the Basin,
exclusive of refinery and electrical generation boilers which are discussed
elsewhere in this repért, emit about 5500 tons of oxides of hitxogen as
N02 per year. This is about 3.5% of the emissions from'stationa:y sources
in the South Coast Air Basin. These emissions are procduced by about
units. Of these, the approximately 94 units with a firing rate of 50 MMB/hr
. or more emit about 2000 tons or about 40%. The average emissions per day

per boiler for all boilers in this category is about 45 pounds.

In oxder to make cost effective emission reductions on devices
emitting only 45 pounds an inexpensive device or technique is required.
Foxr ihstance, new automobile emission controls and retrofitted controls
for all automobiles are expected to reduce emissions at cost effectiveness

ratios of about 1.5 pounds of NOx as NO_, eliminated per dollar annual cost.

2
If the techniques eliminated 30% of the emissions from boilers emitting

an average of 45 pounds per day the savings would average 13 pounds per day
or 5000 pounds per unit pex yéar. In oxder to achieve a cost effectiveness
ratio in excess of 1 pound of NOx eliminated per dollar the annual costs
would necessarily average $3000 per unit per year or less. If maintenance

and operational costs were negligible and the capital was annualized at

20% per year, the capital would be limited to undex $25,000.

For about $10,000 per boiler it is estimated that many boilers
presently exceeding EPA new source standards could be set up to produce
lower nitric oxides. For boilers with multiple'burners this would probably
be accomplished by reducing excess air and by staging combustion (see
discussion Sections 11.3 and 11.4). From 1/4 to 1/3 of the burners would
be removed from service. Air flow would be maintained through the out-
of-service burners while the fuel flow to the remaining burners would be
increased sufficiently to maintaiﬂ a constant total fuel flow. In oil
firing the tips are usually enlarged. The activé burners then would have
insufficient air to react with all the fuel. As a result the flame

tempérafure would be lower and all of the oxygen would be consumed.

G-12



Then, after heat is lost to the boiler walls and the fuel vrich products
fave cooled they mix with the air from the cut-of-service burners and the
remaining fuel is consumed. The desired rasult of reduced emissions is
taused by the lower peak flame temperaturs and the lack of excesss oxygen

at the peak temperature. WNitric oxide formation is strongly dependent

upon temperature and oxygen concentration as discussed in Section Z.1.

must be made between the wind box and the boiler. These ports should carry
20 to 30% of the total air flow to the boiler. The cost fo these ports

may be of the oxrder of $10,000 per boiler.

If for the $10,000 capital cost estimate the maintenance and
operational charges are assumed to be negligible and capital cost is
annualized at 20%, the annual charges are $2,000. To obtain a cost benefit

ratio ¢of 5; emission reduction of 10,000 pounds per uvnit would ke reqguired.

It is estimated that the emissions from this category of boilers
burning only natural gas could be reduced by 50%, the emissions from those
burning gas and oil could be reduced by 35%, and the emissions from those

burning oil only could be reduced by 20%.

It has been estimated in Section 11.4 that boilers in this source
category emitting in excess of 6000 lbs of NOx per year could bes controlled
through the use of staged combustion with a cost effectiveness ratic in
excess of 1 1lb of NOx prevented per dollar annual cost with these
percentage reducticns. Of the inventory of boilers in this cateyory 75%
of the boilers, em 1+t1ng 90% of the emissions, have emissions rates in
excess of 6000 lbs. Thus a reduction of about 35% of 5500 tons/year might

be achievable by controlling these boilers.

G-13



G-5 CONCLUSIONS

The boiler tests confirmed that the emission correlatiocns,
developed from LAC APCD test data, which wexre used in the preliminary

inventory, are applicable to the industrial and commercial/instituticnal

boilers in the inventory.’

The emissions from these boilers constitute approximately 3.5%
of the annual emissions from stationary sources in' the South Coast Air
Basin. On summer and winter peak days emissions from these boilers

constitute 4% and 3% of the daily emissions, respectively.

It is estimated that these emissions could be reduced by 35% by
applying low excess air and staged combustion to 75% of the boilers in
the inventory with a minimum cost effectiveness in excess of 1 1lb NOx
prevented per dollar annual cost. There appears to be no known method

of reducing emissions from the remaining 25% of boilers at a cost effectiveness

ratio as high as this.
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H-3 INTRODUCTION

Combustion in domestic and small commercial/industrial devices,
such as water heaters, space héaters, clothes dryexs, etc., forms NCx in
small cocl combustion chambers. Although the oxygen readings at the stack
typically run 15-17%, the stoichiometry of the flames is not represented
by this oxygen concentration. Due to the type of natural draft involwved
not ail of the oxygen that comes out of the stack has been available for

combustion.

These devices are unigque for two reaéons: {1) they go through a
large number of start-up and shut-down cycles, and (2) they usually operate
at a constant load when operating,.that is, they operate at one given load
or they are off., Since the on/off cycles occur so freguently, any unusual
NOx emission characteristics at either end of this cycle are significant.
Most larger industrial devices, on the other hand, are started or stopped
infregquently. However, all of the tests in this program on residential
and commercial devices, indicate that the NOx emissions reach a steady state
nearly instantaneously during both hot and cold starts, and that they go to
zero nearly instantanecusly during a shut down, whether the entire device

is at operating temperature or not.

Due to the large number of devices in this category and the large
number of types of devices, it was not possible to establish emission
factors based on specific device type. Therefore, it was necessary that
there ke only one general emission factor for residential devices and one
for the larger commercial devices. For these types of devices, the emission
factors were applied directly to the fuel use and sinde the fuel use is
accurately known, the accuracy of the emission estimates is determined
only by the applicability of the emission factors selected to the whole

population of devices to which they were applied.



The purpose of the domestic and small commercial/industrial device
test program was to check the applicability of the EPA Recommended emission
factor for such devices when burning gas.20 " The EPA recommended'féctor
for domestic devices was brought into guestion by the data obtained by the
LAC APCD (Secticn 2, Figure 2-2). Most of the data pbints in the 20,000
Btu/hr to about 200,000 Btu/hr range fall considerably abdve the emissions
values derived from the correlation equation. An average emission factor
of about 0.09 lbs NOx/MMB was calculated for these data points, as
compared with EPA factor of of about 0.05 lbs NOx/MMB for domestic deviées.
ThHis value, however, was in good agreement with the EPA factor of about

0.10 lbs NOx/MMB for commercial devices.

In order to clarify this discrepancy, a series of residential
devices were selected for testing. To provide a representative sample of
common. domestic devices,-wall heaters, forced air heaters, water heaters;
clothes dryers and a swimming pool heater were included in the test program.
A1l of the tested devices were natural gas fired. Very nearly all of the
residential combustion devices in the Basin burn natural gas. A small
percentage of the residences in outlaying areas burn LPG. Essentiaily

no other fuels are burned in residential devices.

The only commercial devices that were tested were 7 commercial building
forced air heating units. Since this omits a'large number of types of
commercial devices (for example commercial ovens, paint drying ovens,
commercial clothes dryers, etc.), & representative sample of commercial

devices was not tested.
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He~2 MEASUREMENT OF KOX FROM RESIDENTIAL AND COMMERCIAIL SCOURCES

In all tests of residential and commercial devices the sanple Line
vas inserted into the exhaust stack far enough to assure that no ambient
air was being mixed with the sample other than that induced into the stack

above the combustion zone.

In order to get an accurate measurement of the heating rate, fuel fliow

to each device was monitored. This was accomplished by terminzting the gas

et
Fot

flow to all

(Lo

devices on a given meter except for the device being tested
The fuel flow was then determined by measuring the time necessary for a
convenient volume of gas to pass through the meter. It was found that
the actnal heat rates where frequently different by as much as 20% from the
name plate rate. Therefore, & fuel flow measurement was made in every case.

The heating value of the fuel was taken to be 1050 B/ft3.

_ Since most devices in the category are controlled by automatic
control devices, the controls were bypassed in order to start and stop the
device when desired. In the case of comfort heating the thermostat was
set at a high enough or iow enough setting to get the device to cycle.

For water heaters, the hot water was turned on at several‘faucets in the
building so that the heater came on by its thermostat control. 1In no case
were the control devices disabled in a manner that allowed non-standard

operation. The devices were all operated at normal temperatures.

211 devices were tested in the "as found" condition. No attempt
was made to tune up OT otherwise alter the condition of the devices.. It
was Ffelt that the sample would be most representative if this procedure
were followed since it would be expeced that the condition of the general
population of such devices would cover a range similar to that of those

rested.

mable H-I lists the results of 31 tests on domestic and commercial
devices. For domestic devices, the range of emissions is from 0.04 1bs
NOx/MMB to 0.18 1lbs NOox/MMB. If the two data points at the extremes are
discounted the range is from 0.07 1lbs NOx/MMB to 0.13 lbs NOx/MMB (this

includes 29 cut of 31 tests). The average for all 31 devices is 0.10 lbs/MMB.



NOx EMISSIONS TEST RESULTS FOR DOMESTZIC AND

TABLE H-I

COMMERCIAL GAS FIRED APPLIANCES

Domestic Devices

Test #

W W 3 0 0 b w N

o
H o

73
74
75
76
77
78
79
80
81
82
83

90
9l

Device Type

Wall Heater

~Wall Heater

Wall Heater
Water Heater
Water Heater
Forced Air Heater
Water Heater
Forced Air Heater
Water Heater
Forced Air Heater

Water Heater

Forced Air Heater
Water Heater
Clothes Dryer
Forced Air Heaterxr
Water ﬁeater
Clothes Dryer
Water Heater
Forced Air Heater
Forced Air Heater
Forced Air Heater

Water Heater

Forced Air Heater

Water Heater

Heat Rate

(B/hr)

33,000
29,600
28,100
38,900
42,400
70,700
48,500
109,600
37,800
126,000
55,600

126,000
42,000
7,900
121,900
42,000
30,500
46,100
128,100
108,000
84,000
42,000

151,200
35,700

1bs NOx {as Noz)/

MMB

0.13
0.10
0.10
0.12
0.13
0.07
0.11
0.09
0.09
0.09
0.10

0.0%
0.12

0.04

0.13
0.09
0.07
0.07
0.10
0.10
0.13
0.11

0.08
0.15

5800-179



Domestic Devices

TestT % Device Type
92 Water Heater
23 Forced Alx Heater
84 Forced Air Heater
95 Water Heater
178 Water Heater
179 Forced Air Heater
180 Pool Heaterx
Commercial Devices
30 Forced Air Heater
30A Forced Air Heater
308 Forced Air Heater
3C0C Torced Alr Heater
30D Forced Air Heater
308 -
30r Forced Alir Heater
306G Forced Air Heater
30H -~

H-1 {Continued)

Heat Rate
{(B/hzr}

35,700
137,500
112,800

43,000

36,700
84.000
216,000

126,000
63,000

126,000

126,000
100,800
100,800
113,400

0.07
0.07
0.18

0.11
0.06

S 0.10

0.10
0.12

0.10
0.11

5800~179



For ithe commercial heaters, the range is 0.06 lbs NOx/MIB to 0.12 1lbs NOx/MMB,
with an average of 0.10 lbs NOx/MMB, also.

This consistency in the data is probably due to the facts that:
. Essentially all devices in both categories are natural draft units

that entrain large amounts of excess air.

. Most burners in these devices consist of a series of small somewhat
isolated flames; changes in design heat rate is usually accomplished |

by changing the number of these flames rather than their size.
. Most of these devices exhibit a similar degree of adiabaticity.

The results of this test program thus suggest an emission factor Qf
about 0.10 1lbs NOx/MMB for both domestic and commercial combustion devices.
After the start of the test program, 2 reports were published which also
tend to indicate an emission factor for domestic devices that is close to
0.10 1bs NOx/MMB. . In the first of these,53 * 2 domestic furanace burners
and a burner from a domestic boiler were tested in a common‘fUrnace combustion
zone. The NOx emission'tates were 0.07 lbs/MMB, 0.10 lbs/MMB and 0.10 lbs/MMB,
respectively. In the second report64 a series of 50 gas fired home heatiné
boilers an¢ 50 domestic forced air heaters were testéd. In this case the
average NOx emission rates were 0.10 1bs/MMB and 0.12 lbs/MMB, respectively.
As was indicated earlier, most of the data in the 20,000 to 200,000,B/hr range
in the LAC APCD20 data correlation, fall subsﬁantially above the correlation
line and that an average emission factor of 0.09 lbs NOx/MMB was calculated

for the devices in this range.

These data tend to indicate that a minimum emission rate is reached
at devices with design rates below about 200,000 B/hr. That is, below this

size, the emission rate remains essentially constant regardless of size.

Since these data taken together support the selection of an average
emission factof of about 0.10 lbs NOx/MMB, the emissions from residential
scurces was‘calculated using this factor. In the preliminary inventory,
the emission factorlused was the EPA recommended 0.05 lbs NOx/MMB. The

result of this change is that Basin residential sources are NROW estimated



to emit twice as much NOx.as was estimated for the preliminary inventory.

The EPA recommended factor of ebout 0.10 lbs NOx/MME for commercial
devices was supported by the limited tesht data taken for this program. In
the absence of any additional data, this factor was used to estimate NOx

emissions from commercial sources.

Since no tests were run con small industrial devices, the EPA
recemmended factor of about $.15 lbs NOx/MMB was used to estimate emissions

from these sources.

INVENTORY RESULT

H
i
w

The NOx emissions from residential sources were determined by
applying the emission factor to the residential gas use. The annual emissions
from residential sources are about 14,280 tons/year, 18 tons/day for an
average August day and 62 tons/day for an average Decenber day. NOx emissions
from these sources constitute about 2% of the annuval emissions from |
stationary sources in the Basin and about 5% and 11% of tﬁe average August

daily and average December daily emissions, respectively.

The annual NOx emissions from cormercial sources are about 3,525
tons/vear, 6 tons/day for an average August day, and 13 tons/day for an
average December day. NOx emissions from these sources constitute about

2% of the annual emissions from stationary sources in the Basin.

Table H-II shows the projected gas use and NOx emissions by area
sources for the years 1975 and 1980. (Area sources are those that are
treated in aggregate rather than as individual devices.) These estimates
were obtained from projections of "Firm ~ Retail" gas use as listed in
& repert on current and future gas use submitted to the California Public
Utilities Commission.34 " It was assumed that the percentage of gas use
by each category, relative to the total "Firm - Retail"” gas use, will
remain constant. (For the 1972/73 period residential, commercial and
industrial area sources consumed 54%, 13% and 8%, respectively, of
"Firm - Retail” gas.) The gas use by the categories for 1972/73 was obtained

from gas company data {see Section 3},



According to these projections, if devices in these categories
are not controlled, NCx emissions for 1975 will increase about 1% relative
to the 1972/73 base period and about 20% relative to the base period by
1980.

H-4 REDUCTION POTENTIAL

Based on data from the Southern California‘Gas Company for Orange
County for 1972, gas use per residence averaées about (.11 mmft3/year (total
residential gas use divided by the number of meters). This corresponds
to annual average NOx emissions of about 12 1lbs per residence per year.
If it is desired that the annual NOx emissions from each device be reduced
by 50% at cost effectivéness ratio no less than 1 1b of NOx per dollar
(see Section 11) , reduction would have to be accomplished at an énnual cost
of no more than $6. Annualized at 20% (as in other examples in this study)
the capital cost would be limited to $30 per residence. If annualized at
16% per year (corresponding to a 10 year furnace life 10% interest) the
allowable capital cost is $38 which is still substantially below what it

would cost to change burners in an existing furnace.

Even if some modification or adjustment procedure were known, that
would reduce by half fhe cumulative emissions from all domestic combustion
devices (heaters, water heaters, stoves, etc.), it is highly improbable
that the labor costs for a technican to do the adjustments for the several

devices per residence could be held to $28 or less.

The only alternative seems to be to require the manufacturers of
domestic combustion devices to meet emission regulations before the devices
can be sold. The devices would have to be designed so that they are
inherently low NOx emitters without increasing their costs beyond the limits
suggested above. However, the approach would of course require a number
of years to implement since devices in the residential category typically

have  useful lives of 5-15 years.



Yeaxr

1972/73
Residential
Commercial
Industrial

Total

Industrial

Total

1980
Residential
Commercial
Industrial

Total

TABLE H-IT

“~

Gas Use, mmit

[

Iyr

272,105
67,162
39,073

379,340

. 274,400
67;500
_40,200
382,100

322,600
29,300
46,200

448,100

T AND NOx EMISSIONS PROJECTS FROM AREZR SCURCES

Tons NOx/vr

14,238

3,826
_3,077
20,941

14,400
3,500
3,200

21,100

16,900
4,200
3,600

24,700

58Q0-179



Low NOx burners for devices of this type are under development.
It is not known at this time how effective they will be in reducing NOx
emissions, nor whether the costs can be maintained low enough to be

attractively cost effective.

it is more difficult to make meaningful estimates regarding
reduction potential for commercial and small industrial devices since they
encompass such a wide variety of device types. However, since devices in
these categorles contripute only about 4% of the NOx from staticnary
sources, regardless of the degree of reduction actually achieved, the

impact on the overall Basin NOx emissions would be very small.

H-5 CONCLUSIONS

The NOx emissions from residential devices constitute approximately
9% of the annual emissions from stationary sources in the South Coast Air
Basin. On an average summer day emissions from these sources constitute
about 5% of the stationary emissions, and on a wintex day about 11%
Commercial and small industrial emissions average about 2% each of the
total stationary emissions. For both cases, the average summer and average

winter daily emissions average 2% of the total.

There is probably no cost effective way to réduce'emissions from
existing residential sources due to the large number of these sources and
their small individual emissions. Use of low NOx burners in new and
replacement residential units may be cost effective, but the relatively
iong life (5-15 years) of these types of devices mades replacement of

existing devices a slow process.

Due to the variety of types of devices in the commercial and small
industrial category, it is difficult to make meaningful estimates of
reduction possibilities. However, since these sources emit only a total
of about 4% of the NOX from stationary sources in the Basin even a large

reducticn would have only a very small impact.

H-10
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APPENDIX I

GLASS PRODUCTION

T3 INTRCDUCTION

Manufacture of glass in the South Coast Air Basin results in oxides
of nitrogen emissions as N02 of about 4500 tcns per year. These emiszions
are from 22 devices. The 4500 tons represent about 3% of the crides of
nitrogen emitted from staticnary sources in the South Coast Air Bas:
The gas coc sumption is about 1.3% of the gas consumption in the Basin and
almost no oil is used. Half of these 22 devices emit about 3/4 of this
amount. The major emitters in this industry are glass furnaces or melters

as they are called.

Glass is produced by melting a mixture of silica (usually sand),
sodium carbonate (soda ash), and other materials such aé sodium sulfate,
limestone, etc. Glass which may be cut at 200°F is actually brought to
about 2750°F in the melter. In order to efficiently produce the product it
is necessary to use combustion air which is preheated to a very high temp-
erature. Aiv preheat temperatures of 1500°F and higher are sometimes
used. This is accomplished by bringing the air in through a regenerative
aixr preheater. The preheater is an expanded array of bricks known as
checkers. There are checkers on either side of the furnace. The air is
brough in through hot checkers, burned with fuel, heats the melt and passes
cuil. through the other checkers heating them up. After a time, for instance,
30 minutes, the alr flow is reversed and the recently heated checkers warm
the air while the hot flue gas rewarm the other checkers. Figure I-1
shows the layout ofva glass melter with a flow of air. This unit has both
& forced draft fan and induced draft fans. The induced draft fans drive
ambiient air which is passed through a venturi drawing the hot f£lue gas up

the stack.

The desired result of the extensive air preheat is a high flame

temperature. One result of high flame temperatures is high,emissions of

oxides of nitrogen.

T1-1
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Only one glass manufacturing device was tested during the present
prograr. Testing was screduled for a runber of devices but all of the

pLanLE scheduled excent The one tested were on strike at the time o

ot

o
4

r

i-2 ﬂEASUREMENTS OF NOx EMISSIONS FROM GLASS PRODUCTICH SOURCE

€3]

Both the sodium carbonate (soda ash) and the calcium carbonate

{iime stome) wsed in the manufacture of glass give aff'C02 when the GLlass
is being produced. This material ailutes the flue gas and reduces the
meagured concentration of oxides of nitroger. It ié therefore necessary

ey find the feed rate and composition and from these, calculate the azmcunt

of CO, coming out of the melt, or measure the gas flow rate and concentra-
L

tion of mitric oxide.

The gases coming from the checkers are to0 hot to handle with fans
so the induced draft fans use ambient air to create a draft up the stack.
she ambient air dilutes the combustion air. When samples are taken from
the stack they are thus diluted with a large amount of aif. This makes it
difficult to foliow the oxides of nitrogen as & function of excess combus-

tion alx-

one glass melter was tested for nitric oxide emissions. Table I-1
shows the results. The oxygen level is much higher than it is in the

furnace because of the dilution.

TABLE I-I

Fmission Data

Cas Fuel Flow Feed Rate Flue Gas Stack Flow Rate NO Measured

pevice 1000°s of CFH ib/hr 0. % SCFM PPm
4

Glass

Melter 50 24,850 12.3-13. 25,235 192-21%



Using the data the emissions for this unit were calculated on a pounds
per million Btu basis. The results of the calculations areishown in

Table I-I1I.

TABLE I-IT

Emission Factors

A B Cc D E F

Fuel Use NO ppm Stack flow in  NO, ft3/hr NO as NCElb/hr ' NO as N02
6 ‘ 6 ' 6 o,
10~ Btu/hr average 10 £t/hr BxC 1b/10 Btu
50 - 203 1.514 307 39.4 0.788
For the single unit which was tested the emissions were assumed to
be the average of the values found. Since the sample size was one, no
attempt was made to use this data to establish emission factors for other
units. Alsn, this unit was partially heated by electrical eﬁergy which
65

probably made it a lower emitted. Measurements made by thé_Los Angeles APCD
where available were used. In inventorying the emissions from this source
category, for units not tested, the average of all the tests by the Los
Angeles APCD were used. The average value was found to be 1.9 pounds of

NOx as NO2 per million Btu. Values ranged from 0.85 to 4.15.



it

i-3 GLASS PRCODUCTION SOURCE NOx INVENTORY

The inventory was made by using the emissions data measured for
specific units by the Los Angeles APCD and the fuel use data supplied by
the glass manufacturers in their response to the fuel use guestionnzire

sent cut for this program (Secticn 4.0).

The emissions from glass manufacturing were found to ke zhout 4500

toas per yvear o

=
W

% ©f the total. On a winter day the emissions zre 10.8

vl

oY

tons or about 2% of the total. ©On a summer day the emissions are 12.2 tons
. 1 . L. . .

oxr anout,35%sof'the total. Glass furnace emissions do not change much from

winter £o summer because they seldom change from natural gas and when they

do they usually change to a fuel such as diesel or even LPG.

In the future there may be little or no natural gas to burn in

~glass melters. At that time they will burn oil. No data cn emissions of

nitric oxide from these glass furnaces while burning oil is available.
Devices with very high air preheat and nearly adiabzatic flames are not

sxpected to have higher emissions when firing oil. 1In fact devices such

as these may have lower NOx emissions when firing 0il (see results Appendix F).



I-4 GLASS PRODUCTION EMISSICON REDUCTION POTENTIAL

The formation of nitric oxide in flames is . a function of‘oxygen
concentration. This is particularly true of flames in very hot devices
such as kilns and steel making furnaces, etc. One way to reduce the emissions
from a device such as a glass melter would be to reduce the oxygen in the
furnace te Very low levels. The oxygen level desired would be the lowest
possible. To operate near this level would reqﬁire more accurate instrumenta-
tion and controls to measure oxygen concentration in the flue gas or preferably
oxygen concentration in the furnace. A dual set of instruments and controls
would be needed since it would be necessary to control the oxygen when the
furnace was firing from either direction. The samples should be taken
very near the furnace discharge to avoid high readings due to air leaking.
into the flue system. For the purposes of making comparisons an estimate
of the cost of the modifications is necessary. It is estimated that the
investment for the modifications to a glass melter would be about $125,000
mostly for instruments and controls. While there would be some maintenance
costs there would also be some savings iﬁ fuel. The twb_items might be
comparable so neither will be included. In order to arrive at an annusl cost
for the purpose of this report an annuaiization of capital cost at 20%/yr
was chosen. Thus the annual cost could be $25,000 per unit. If the eight
units which produce the most oxides of nitrogen in the Basin were modified
an average emission reduction of 30% might be made on these units. This would
be 1,906,000 pounds per year. The cost effectiveness ratic would be 9.5
pounds per dollar annual cost. This cost effectiveness ratio is significantly
better than the ratio found for current automobile emission control programs
(as discussed in Section 11). This reduction would be 20% of the emissions
from glass manufacturing and 0.6% of the emissions from statidnary sources

in the South Coast Air Basin.

Another way that the emissions from glass production plants can be
reduced is to supply part of the energy as electrical energy, boosting. By

supplying about 12% of the total energy consumed, but not necessarily
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in t
czn be made. Boosting is scmetimes vsed to increase melter capacity and/oxr

tC reduce particulate emissions. However, here it is copsidered for it

n

value as an 90x emissions reduction technique.

The emissions from a melter already operating at reduced oxygen
concentraticn were reduced from about 100 pounds to 40 pounds an hour

NOx as NO, when boosting at a rate of about 12% was initizted.Th
F

Uperation are estimated for this report at

Annuvalized capital cost

$250,000 x 0.20 =

§ 50,000
increased rebricking freguency {maintenance)
$1,000,000/4 yxr - $1,000,000/7 yr = $167,000
Electrical energy use
21,900,000 KW-hr x §.0l/KW-hr = $219,000

Fuel savings

12.5 x 10° Btu/hr x $.5/10° % 8760 h = $(54,750 )

$321,250

The actual NOx savings in the Basin are the reduction at the glass factory

less the amount emitited by the electrical generation necessary.

60 lb/hr x 8760 hr = 525,600
less 65,600

460,000 1lb/year

The cost estimated effectiveness ratio is 1.4 1b of NOx as NO. eliminated

per deolliar operating cost.

If the procedure were applied at the same time as low excess air

combustion the overall reduction would be 1,844,000 pounds per year and the
cost would be about $350,000 per year. The reduction would be at a cost

effectiveness ratio of 5.3 pounds per dollar.

~I-7



Tt is estimated that this procdure could be applied to eight units
and in combination Qith low excess air corbustion the reduction wotld be
1750 tons per year at a cost effectiveness of about 3. This is about 40%
of the emissions from glass melters in the South Coast Air Basin and about

1.2% of the emissions from stationary sources in the Basin.

The natural gas is sometimes mixed with a small amount of air before

it goes to the burnexr blocks. The air could be replaced with flue gas.’

Mixing flue gas with the fuel will reduce the flame temperature. A mixture

of about 2 1, flue gas to fuel should reduce the emissions dramatically.
It must be determined whether or not such a reduction in flame temperature

could be made compatible with the glass production process,however.
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> CONCLUSIONS

Th

[

annual emissions from glass manufacturing operations ars about

i

450C tons. Apout 3/4 of this amount is emitted by 1/2 of the 22

involved.

It has been estimated that the emissions from glass manufacturing
operations couwld be reduced by about 20% by the use of low exces:s air combina-

.
S

tion on =ight of the units. The cost effectiveness ratio was estina
%.5 pounds of oxides of nitrogen eliminated per dollar operating cosz., L7
is estimated by the combining of low excess air combustion and electrical

heating, boosting, the emissions from glass furnaces could be reduced by

The glass manufacturers may be forced te switch to oil or LPG fuel
due te anticipated future shortage of natural gas. Just how this will affect
the NOx emissions is not known since measurements with these types of fuels
in these units were not made for this program and the LAC APCD did not
have any oil fired data for glass melters. The change may, however, reduce
emissions since oil flames tend to produce less nitric oxides than gas

flames under the most severe conditions (see Appendix ¥).

In the absence of a basis for anticipating change, emissions from

- glass manufacturing are estimated to be constant through 1980.

Reference

©5. Los Angeles County Air Pollution Control District Source Tests C1092,
€1977, C1370, C1814, Cl816, C2007, C1592, €978, C1984, Cl684, C2006,
C1356, Cl180%, Cl2l6, C1554, C2027, 1965-1973.






APPENDIX J

INTERNAL COMBUSTICN ENGINZS
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The emissions from reciprocating internal corbustion {(IC) engines
are a result of a non-steady combustion process that occurs at hich

tures, pressures and oxygen concentrations. Thes

()

sult i vory

{7

factors r
hign NOx emissions. The EPA emissicon factors for IC engines are 2.70 Ik NOX/MMB
for natural gas combustion and 2.70 1b NOx/MMB23 fcr distillate oil combustion.
These factors can be compared to 0.20 1h/MMB and 0.30 Ib/MMB for gas and oil
cembustion, respectively, in a 100 MMB/hr boiler. Because of the hiigh
emission factors and large number of engines in the inventory, it was decided

to test several engines to verify the quoted emigsions.

Emissions from gas turbines are a result of combustion at lower
Pressures and relatively low oxygen levels than for reciprocating engines,
followed by quenching with large volumes of cool air. ‘These factors result

in relatively low NOx emissions; 0.34 lbs/MMB for both gas and oil combustion.

There are three main industrial usershfor reciprocating IC engines
in BCAB: (1) gas field operations use such engines as gas compressors,
{2} the gas company uses these devices as pipe line and storage compressbrs,
and (3) sewage treatment plants use digester gas-fueled engines to drive
pumps, compressors and A.C. electrical generators (digester gas, which is a
procduct of bacterial action on sewage, is approximately 65% methane and

35% carbon dioxide).

The location and census of these devices was provided by the oil
: . 35-4] ) . 33
companies, the Southern California Gas Company and the sewage treatment

plants in the Basin.

The major use of gas turbines (other than those used by the electric
utilities as peaking units) is as emergency standby electrical generators.
The telephone company operates most of these devices and they provided the

locations of their units.



As discussed previously the purpose of the IC engine test program was to
verify existing emission factors for reciprocating engines and to assess |
possible cohtrol approaches for applicability.to this source class. No gas
turbines were selected for testing because the emissions from them are minor.

due to their very limited operating time.

In order to obtain a good cross section of IC engines, tests were
scheduled on a variety of engine sizes and types. - The eleven engines tested.
ranged in horsepower from 180 bhp to 2000 bhp. Since most of the industrial
engines burn only gas, ail the engine tests were run on gas fueled engines.
The majority of the engines available for testing were two cycle, naturally
aspirated. Some four cycle, turbo charged and supercharged two cyclé

engines were tested.

J-2 MEASUREMENT OF NOx EMISSIONS FROM INTERNAL COMBUSTION ENGINES

Due to the stack arrangement on the tested engines no sample ports
were needed. The sample probe Qés inserted far enough into the exhaust
pipe to assure that no ambient air was mixed with the sample. The stack
. flow rate was calculated from the fuel flow and the oxygen concentration
as discussed in Section 8.0. In the cases where fuel flow rate was not
nmeasured, it was estimated from the power and heat rate. The heating
value of the fuel was assumed to be 1050 B/SCF, and the heat rate as

7150 B/BHP-hr, based on typical engine efficiencies.

As was fregquently the case, it was difficult to get the plant
operators to vary the load over any substantial range.  Some minor
variations in load were possible in a few of the cases, but little load

range data was obtained.

The results of the engine tests are summarized in Table J-1.
Figure J-1 shows the relationship between the test results for 2 cycle

23 recommended emission factor. The data from the

engines and the EPA
two series of tests conducted for this study and independent tests
conducted by LA APCD,6ghow considerable scatter. 1In general the EPA factor

is higher than the results of these tests.
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TABLE J-1

NOx EMISSIONS FROM GAS FUELED INTERNAL COMEUSTION ENGINES

Engine
Test # Type
19 4,NA
28,29 4,NA
313 4,NA
314 2,NA
315 2,8C
316 2,8¢C
+ 317A 2,TC
. 319 2,NA
330 2,NA
331 2,NA
332 2,NA
333 2,NA
Engine Type
4,NA 4 cycle,
2,8C 2 cycle,
2,TC 2 c¢ycle,
2,NA 2 cycle,

Test H.P. 1bs NOx 1lbs NOx
Rated H.P. (MMB/hr) (as N02)/MMB (as Noz)/hr
600 NGOO (4.3) .28 1.2
550 V550 (3.9) .95-3.30 - 3.7-12.9
660 670 (4.8) 1.70 8.2
660 £ 660 (4.7) 1.70 8.0
1350 1350 @.7) 1.17 11.4
1350 . 1000 (7.2) 0.28 2.0
2000 - 2000  (14.3) 1.62 23.2
'lldO 1100 (7.9) 1.74 13.8
180 180 (1.3) 1.81 2.4
180 144 (1.0) 0.46 0.5
880 704 (5.0) é'26, 11.4
660 528 (3.8) 4.05 15.3
Averagé 1;64
naturally aspirated.
supercharged
turbo charged
naturally aspirated
J-4 '5800-179
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The zrimarxy reason for lower emissions appears to be that these

the lean regime fhigh air~fuel ratios). Figure

g
m

oxide concentrazion versus exhaust oxvoen
concentration for the two cycle engines tested. 2 marked reduction From
ilevels corresponding te the ©PA factor (1500-30CC ppm) 1s seen ©0 occur

23 the exhaust oxygen ceoncentration is increased. Increases in exhaust

oxygen concentration are indicative of leaner combustion and possibiy,

less efficient exhaust gas scavaging, both conditions resuliing in lower
23 :
WOx production. Whether this coendition is a result of leaner iniactor

settings or poor engine condition is not clear, however it does point %o

a possible technique for emission reductions.

It is of interest to note (Fests 315 and 316} that reducing the
load about 25% on one of the tested engines reduced the NOx emission

rate from 11.4 lbs/hr to 2.0 lbs/hr - a factor of almost 6.

This effect is in agreement with trends reported in Reference ,q
for two cycle engines as BMEP (or lcad) is decreased. This change generally
results in lsaner combustion which is the. primary mechanism for lower NOx

production.

Since the lower NOx levels cf the test results appeared to result
from possible non typical deviations from normal {close to stoichiometric)
operation it was decided to use the EPA factor to prediét NOX emissions
for the final inventory. The EPA factor, it should be noted, is about
twice as high as the average of the resulté of the engines tested in this
program. The emission equations used to estimate the emissions from

reciprocating internal combustion engines are:

Maxirum hourly emissicns (1bs/hr)

EHG = 3.700Q

EHO = 2.70Q
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Average daily emissions (tons/day)

Gas fueled engines:

2N = Gizy (3.7 iC (T /243
e L. 0LZ2r 13.70) ‘“FSQ) ;&8/44,
B o= (.012) (3.70) (C__ Q) T /243
DW P W
Cil or gasoline fueled engines:

Bhe = 1:012) (2.70) (C ) (T /24)
P o= _ 70% (¢ /24
By = (012} (2,703 (o 0) (T /24)

Annual Emissions
Gas fuel engines:

EA = {.012)} (2.79Q) (CFGQ) (T/24) (Dg)

0il or gasoline fueled engines:

EA = {.012) (2.70) (CFOQ) (T/24) (DO)

heat rate, mmB/hr

il

maximum hourly emissions when burning gas, lbs/hr

maximum hourly emissions when burning oil or gasoline, lbs/hr
= average daily emissions, summer, tons/day

= average daily emissions, winter, tons/day

= gapacity factor, summer

= capacity factor, winter

= capacity factor, burning gas
= capacity factor, burning oil
= hours per day on line, summer
= hours per day on line, winter

={T_ + 7 /2
={Tg w)/

days burning gas

1t

days burning oil



Since individual tests were run on the IC engines at the sewage
GG
treatment plants by LAC APCD .ndividual emission factors were available

for these engines. These devices are unusual because they burn a low Btu
3
fuel (550-600 B/ft7).

For gas turbine engines, the emissions calculations are (the EPA

emission factor for both gas and oil fuel firing is the same):

Maximum hourly emissions (lbs/hr)

= = 0.34
EHG EHO e

Average daily emissions (tons/day)

E

It

(.012) (0.34) (¢

oS ) (T/24)

B
DW

(.012) (0.34) (CFWQ) (TW/24)
Annual emissions (tons/year)

E, = (.012) (0.34) [(CL.Q) (T/24) + (C Q) (T /24)]
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INTERNAL COMBUSTION ENGINE NOx EMISSION INVENTORY

Due to the limited data sarmplz and limited load range data (f
MOz zmission rate a3z a function of load), it was necessaryv to use the EPA
generalized emissicn factor, rather than the test data, Lo estimate the
emissions from all gas and oil burning IC engines in the Basin. The engines
in the sewage treoatment ﬁlants, however, were treated zs separate cases
"

begcause of the unusual fuel that they burn, and the availebility of specific

test &

o))

®

ta. The emissions from small turbine engines were calculaited from

the appiicable EPA recommended emission factor since no tests were run.

Since stationary industrial internal combustion engines ‘tend to
occur in groups, and since in aggregate these devices contxibute significantiy
to the total NOx emissions into the Basin {about 2%), their local impact
can be substantial. That is, the NOx emissions from these engines is not
evenly distributed throughout the Basin but is instead, concentrated in
a few locations. On the other hand, most of the small turbines are used
as emergéncy standby electrical generators and as such are mcre evenly
distributed throughout the Basin. Also tﬁey are on line very infrequently
and for short periods of time for test purposes. Therefore, the impact

from these devices is minor.

Table J-II summarizes the emissions from internal combustiocn engines
for the South Ceast Air Basin. The total of 43,4 tons NOx/aay represents
10% of the total. These engines for the most part are built to burn gaseous
fuel only. Changes in gas supply should not affect future emission trends

as pricrity must be given to firm gas supplies for these units.

J-9



TALLE J-I1-

ANNUAL EMISSIONS FROM INTERNAL COMBUSTION ENGINES IN THE SCAB

ICE

ICE

ICE

Turbine

Turbine

South Ceast Air Basin, July-'72-June '73

Fuel

natural gas
digester gas
diesel

0il

natural gas/oil

Source Entries Number of Engines . Annual Emissions

Tons/year

84 436 14,163

7 22 345

8 10 26

30 34 76

16 _ a7 . 861

145 539 - 15,471
5806-179
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INTERNATL, COMBUSTICH ENGINE IMISSION FLDUCTICOH POTENTIAL

of NOx emissions from IC engines has been studied

4

guite extensively. McGowin has summarized the most promising methods

in Table J-III {aitex Table 20 of Reference 23}. In general thase axa

i3

¢
§

categorized zs engine modifications and exhaust treatment. Operational
engine modifications involve the lowest capital expense but may ultimately
be wmore eupensive. Table J-IV {(after Table 21 of Reference 23} surmarizes
vhe sffectiveness of various operational modifications on NOx emissions

and fuel consumption.

As can be seen cost effective NOx emissions reductions (see Section
11} (assuming $2.00/MMB fuel oil cost)* can be achieved by operational
modifications alone. Values as high as 92 1lb NOx/$ based on fuel costs
only were achieved for the experimental program reported in Reference 23.-
Cost effeckiveness based on the total of modification costs maintenance costs
and fuel éosts would be only slightly 19wer. This result appears to be
supportea by the test results on this program where, for example, smail
increases in air-fuel ratio produced dramatic reductions in NOx. This
was observed both in the tests of two cycle engines and in the test of a
four cycle engine where changes from about 2700 ppm to 770 ppm occurred
Auring normal operating fluctuations. The author of Reference 23 states
that simultaneous measurement of ailr/fuel ratio trapped in the cylinder
show that this is the predominant mechanism for NOx reduction. No
explanation is given as to why an increase in air flow does not produce as

large a change as other parameter changes.

I+ should be noted that as a group the 4 engines tested at Lomita
Gasoline {operating on natural gas) had emissions factors somewhat closer to the
E¥A“” emission factor of 3.7 1b NOx/MMB than did the greoup of 7 SCEC engines

rested. It is not known at this time whether the SCGC engines had undergone

*Assuming that any lost energy resulting from loss of fuel efficiency would
eventually have to be made up with oil somewhere in the Basin under a limited

{inadequate) gas supply.

qfll



TADLE J-I1I

EMISSION CONTROL METHODS FOR RECIPROCATING ENGINES

I. Engine Mcedifications

A. Operating Conditions: . Speed
Torque /Load

. Air/Fuel Ratio-

1

2

3

4, Ignition Timing

5. Fuel Injection Timing
6 Air Temperature'
7. Air Pressure

8

Exhaust Back Pressure

B. Engine Hardware: 1. Exhaust Recirculation
2 Water Injection

3. Valve Timing
4

. Combustion Chamber -
Stratified Charge

5. Compression Ratio

11. Exhaust Treatment

A. Exhaust Thermal Reactor (CO/HC)

B. Catalytic Converter: 1. Oxidation (CO/HC)

2. Reduction of NOx by CO, Hz;
NH3, or natural gas

5800~179
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‘seme emissions reduction modi ficaticns, nor to what extent they weIe Iopresen-
tative of the Basin population of such engines. Since the SCGC opcratod eug;hcs
emit only 20% of the total NOx emiésions in the inventory, the higher EPA23
factor was applied, as was at the reduction potchtia‘ suggested in ref. 23.
However, there remains considerable uncertainty at this time in the sssesswment:

of reduction potential for this source category.

The cptions of exhaust gas treatment are likely to be more cost
effective for stationary internal combustion engines than for aﬁtomobiles.
As discussed in Reference 23 this 'is due to effectiveness, eaee of
installation and lack of cycling. Because of the fact that the catalytic
and thermal devices have no adverse effect oﬁ fuel economy the authors of
that feport conclude that application of these devices is likely to be the

most effective. However, it appears that operational modifications alone

may prove to be cost effective also compared to current NOx reductlon

programs discussed in Section 11.

CONCLUSIONS

Stationary IC englnes constitute < significant source of NCx in.
the South Coast Air Ba51n. On the basis of the engine census and EPA
emission factors, these englnes contribute a total ‘of 40 tons per day

of NOx. Results of tests by Cooper Bessemer and the Shell Development
Company23 show significant NOx reductions with operafional quifications
alone. This result is consistent with KVB test results which show large
decreases in NOx emissions as operating conditions were ﬁaried. Before
considering requirements for catalytic or thermel exhaust devices on these
: engines a systematic investigation of NOx reduction through operational

modifications should be completed and the‘results evaluated.
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Company

Private Conmunication

Frivate Communication

Communication
1974,

Private
August Z,

Private Communication
December 10, 1973, an

Private Communication from Thron Riggs, Standard 0il, November 156, 1€

July 29, 1974.

Referunces

Conbustion Fngines

L
LG,

Elliott M.
1973, Dece

from Allan Muse, ARCO, Novernper 1973
from F.A. Becker, Gulf Oil Company, Novonoer

from A.B. Hiser, Mobil

from H.M. Karr, Shell Cil Company,
d July 1974,

Cil Company, March 21

z

e}

73,

Private Communication from G.A. Collins, Jr., Texaco, November 29, 1973,

July 1974.

Private Communication from D.H. Hanley, Union 0il Company, October 24, 197

July 16, 1974.

Los Angeles County Air Pollution Control District Source Tests C1046,

Cl052, C1050, C1049,

Cl048, Cl1047, Cl027, C1008, C1007, 1966-1967.
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